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1.1 Preface 
Healthcare has improved enormously over the years; since the 1950’s the life 
expectancy has increased by as much as 50%, which can be ascribed to improved 
healthcare and hygiene.1 In the progress of healthcare not only the development of 
vaccines and therapeutics are important, also diagnostics play a crucial role as they 
underpin the majority of all medical decisions. Diagnostic tests can contribute to a more 
rapid and earlier diagnosis of a disease and aid in choosing more targeted and effective, 
and in some cases less invasive treatments. Furthermore, they can be a powerful tool in 
monitoring the progress of a disease. Besides the obvious improvement in patient care, 
more effective treatments help to limit healthcare spending, which is a major economic 
issue in every country throughout the world. In the near future, with trends such as 
ageing populations and increase in the occurrence of chronic diseases, the role and 
importance of medical diagnostics will only become larger (Figure 1.1). 
 
Figure 1.1 Global percentage of healthcare spending.2 
Most diagnostic tests rely on the detection and quantification of so-called 
biomarkers, molecules (e.g. metabolites) that occur in body fluids (e.g. urine, blood, 
cerebrospinal fluid) when a certain disease is present. Therefore identification and 
quantification of these molecules is crucial and the analytical toolbox contains several 
spectroscopic techniques suitable for this purpose, each with its own (dis)advantages. 
Nuclear Magnetic Resonance (NMR) is one of those techniques due to its excellent 
reproducibility and quantitative accuracy, its ability to resolve the structure of 
unknown metabolites and its capacity to generate metabolite profiles using intact bio-
specimens with no need for extensive sample preparation.3 Because of these unique 
strengths, NMR is a widely used analytical platform with which for example the 
detection of metabolic diseases has been demonstrated.4 On the other hand, NMR also 
has limitations due to its relative insensitivity. This relative insensitivity hampers the 
detection of biomarkers which are present in low concentrations (e.g. in the nanomolar 
regime). The research presented in this thesis is part of the UltraSense NMR program, 
which aims at developing innovative hyperpolarization strategies to increase the 
sensitivity of NMR for diagnostics and metabolic tracing in body fluids. 
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1.2 Introduction 
1.2.1 The NMR sensitivity challenge 
In this paragraph, the theoretical basis of NMR sensitivity will be briefly discussed.5-7 
NMR spectroscopy arises from the fact that nuclei have a property known as spin and 
proportional to that a magnetic moment. The nuclear spin can be quantified by the 
nuclear spin number which is denoted as I. The magnetic moment is defined as µ = γI, in 
which γ is the gyromagnetic ratio, a characteristic constant for a given nuclei. Nuclear 
spin values can range from I = 0 to I = 9⁄2 in half integer increments. We will limited the 
discussion here only to spin-½ nuclei (e.g. 1H, 13C, 15N), which are the most important 
nuclei in liquid state NMR. An important consequence of nuclear spin is that the nuclear 
spin state is split in (2I+1)-energy states. If a magnetic field is applied this gives rise to 
two energy levels for spin- nuclei; these are characterised by another quantum number 
m, which is restricted to the values –I to I in integer steps. This splitting between the 
nuclear spin levels is called the Zeeman splitting (Figure 1.2A). The lower energy state 
with m = ½is denoted as α; the higher energy state with m = - 1⁄2 is denoted as β. 
 
Figure 1.2 The nuclear spin energy levels of a spin ½ nucleus in a magnetic field. 
The energy of the nuclear spin state can be given as (1.1):   
E = -µB0 = -mħγB0   (1.1) 
the difference between the two energy levels can be then described as (1.2): 
ΔE = γħB0  (1.2) 
where B0 is the magnetic field and ħ is Planck’s constant divided by 2π. At thermal 
equilibrium the different energy states are populated according to the Boltzmann 
distribution (1.3).  
𝑁𝛽
𝑁𝛼
= exp (
− ∆𝐸
𝑘𝑏𝑇
) = 1 − 
γħ𝐵0
𝑘𝐵𝑇
  (1.3) 
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where T is the absolute temperature, B0 is the applied magnetic field and kB is the 
Boltzmann constant. For protons, and also for all other nuclides, the energy difference 
ΔE is very small compared with the average energy kBT of the thermal motions, and 
consequently the populations of the energy levers are nearly equal (Figure 1.2B). As Nα > 
Nβ, there is a resultant macroscopic magnetization M. The magnetization (M)  is 
proportional to the NMR resonance signal intensity and can be defined as (1.4):8  
M =
γħN
2
P    (1.4) 
whereby P, the nuclear polarization, can be defined as (1.5): 
P =  
Nα−Nβ
Nα+Nβ
 =  
Nα−Nβ
N
 ≈  
γħB0
2kBT
  (1.5) 
P is often expressed as a percent polarization P%, with P% = P × 100. At ambient 
temperature, P% is small even at very high applied magnetic fields. This can be 
illustrated by the following example. The gyromagnetic ratios for 1H and 13C are 
267,522×106 and 67,28×106 rad.s-1 T-1, respectively. Even in the more favourable case of 1H 
NMR, measured at a 9.4 T (400 MHz 1H resonance frequency) magnetic field, P is only 
0.003% compared to 0.0008% for 13C. The situation improves when going to higher 
magnetic fields in which the current state of the art is at the 23.1 T/1 GHz level (0.008 
%P for 1H at room temperature). The hardware and running costs of these machines, 
however, are high and the gain in sensitivity is still relatively low and this is one of the 
factors that limit the use of NMR in diagnostics. 
A better approach to overcome the aforementioned sensitivity issue would be to 
create an out-of-equilibrium system (non-Boltzmann distribution), so that one of the 
energy levels will become overpopulated and result in large P values and thus signal 
(Figure 1.2C). The creation of such a population distribution is called nuclear spin 
hyperpolarization. Hyperpolarization techniques are not only used in NMR 
spectroscopy, but also in Magnetic Resonance Imaging (MRI), which has the same 
inherent sensitivity limitations. Examples of such hyperpolarization techniques include 
Spin Exchange Optical Pumping (SEOP),9 Dynamic Nuclear Polarization (DNP)10 and Para-
Hydrogen Induced Polarization (PHIP).11-13All these techniques have recently been 
extensively reviewed14-16 so that in the next sections, we will focus only on PHIP as this 
technique is utilized in all other chapters of this thesis. 
1.2.2 Para-Hydrogen, a source of hyperpolarization 
PHIP refers to several hyperpolarization methods, which all use para-hydrogen (p-H2) as 
a source of non-equilibrium spin distribution. Molecular hydrogen can adopt two spin 
configurations: symmetric triplet states and an antisymmetric singlet state. The 
symmetric triplet states are referred to as ortho-hydrogen (o-H2; ↑↑, ↓↓ or ↗↘; αα, ββ, 
αβ+βα ), in which the two spins are aligned such that they have a net magnetic moment 
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and are detectable by NMR. The singlet state is called p-H2 (↑↓,αβ-βα) and does not have 
a net magnetic moment, as the spins are opposed and cancel each other out. 
Consequently, p-H2 cannot be observed by NMR. The energy difference between the 
singlet and triplet states is marginally small, which causes that in molecular hydrogen 
the spins are almost equally distributed over the four states at room temperature, 
giving an ortho:para ratio of 3:1. However, p-H2 is the most stable form. Furthermore, the 
interconversion between singlet and triplet states is symmetry forbidden. The 
aforementioned phenomena are exploited in the production of p-H2 gas. When hydrogen 
gas is passed over a paramagnetic catalyst (such as activated charcoal) at low 
temperature, conversion to the lowest energy state will occur and the gas will be 
enriched in p-H2. Back at room temperature, without catalyst or other paramagnetic 
impurities (e.g. oxygen) present, p-H2 is stable for several weeks. The amount of p-H2 that 
is formed will depend on the temperature: at 20 K almost 100% pure p-H2 can be 
generated. At 77 K (liquid nitrogen), the temperature at which our in-house developed 
p-H2 generator operates, an enrichment of 51% will be reached.  
1.2.3 Para-Hydrogen Induced Polarization techniques 
In the pioneering experiments by Bowers and Weitekamp in the late 80’s, p-H2 was 
incorporated in the molecule of interest via a chemical reaction (e.g. hydrogenation of 
double or triple bonds) with concomitant transfer of hyperpolarization, a process 
sometimes also denoted as hydrogenative PHIP (hPHIP). Depending on the experimental 
conditions, these methods are referred to as Parahydrogen and Synthesis Allow 
Dramatically Enhanced Nuclear Alignment (PASADENA)17 and Adiabatic Longitudinal 
Transport After Dissociation Engenders Net Alignment (ALTADENA, see Section 1.2.4).18 
In 2009 the scope of PHIP was greatly enlarged by a new method called Signal 
Amplification By Reversible Exchange (SABRE), which was reported by Duckett et al.19 In 
this technique an organic substrate can be hyperpolarized by a transition metal 
complex without any chemical modification and is referred to as non-hydrogenative 
PHIP (nhPHIP). Variants of SABRE have also been reported, sometimes with a new 
related abbreviation, but in all cases the chemical process is identical while the 
difference lies in the approach to induce or exploit the transfer of polarization (Figure 
1.3). 
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Figure 1.3 Overview of the different hyperpolarization techniques. 
1.2.4 Hydrogenative PHIP 
In 1986, Bowers and Weitekamp postulated the theory that incorporation of p-H2 into a 
molecule should lead to large NMR signal enhancements.11 Shortly after this first 
theoretical prediction, they were able to experimentally prove their hypothesis. In this 
first example, a simple substrate (acrylonitrile) was hydrogenated with p-H2 (50%) and 
Wilkinson’s catalyst at the high magnetic field of the NMR spectrometer.17 In the 1H 
NMR spectrum, large antiphase signals were observed for both the resulting 
propionitrile product and the p-H2-derived hydride signals of the active catalytic 
species. In the same year similar observations were made by Eisenberg et al.,12,20 who 
studied the hydrogenation of phenylacetylene using a Rh2(CO)2(dppm)2(H)2 catalyst. 
 
Figure 1.4 Changes in the energy levels of normal H2 in the presence of magnetic field. The A2 
spin system (left) evolves to an AX spin system upon hydrogenation (right). 
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The observations can be readily explained. Figure 1.4 shows the transformation of an 
A2 system (o-H2, singlet) into an AX system, in which A and X are no longer equivalent 
(hydrogenation of the double bound). This results in a double doublet due to coupling of 
the spins (JHaHx). When the experiment is repeated with p-H2 and the spin state 
symmetry is conserved during the reaction, only the αβ and βα spin states will be 
occupied (overpopulated) (Figure 1.5). In this case both adsorption and emission are 
feasible with equal probability and therefore the spectrum at each chemical shift consist 
of two lines which are split by JHaHx and are equally enhanced (compared to the previous 
situation without p-H2) but have opposite amplitudes. These types of experiments are 
referred to as PASADENA. 
 
Figure 1.5 Changes in the para-enriched H2 energy level in the presence of a magnetic field. The 
A2 spin system (left) evolves to an AX spin system upon hydrogenation at high magnetic field 
with p-H2 giving rise to the PASADENA effect (right).  
In terms of chemistry the ALTADENA18 experiment is not different from PASADENA, 
but now the hydrogenation reaction is performed at low magnetic field (outside the 
NMR magnet), followed by a subsequent transfer to high magnetic field (insertion into 
the NMR). This results in an entirely different effect (Figure 1.6). At low magnetic field 
there is a strong coupling regime between the spins (Δν << J). The p-H2 will now add to 
the product with singlet character and results in the occupation of only the βα or αβ 
state. In this situation only emission or adsorption to the unoccupied states αα or ββ will 
be possible (Figure 1.6) 
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Figure 1.6 Addition of p-H2 in low magnetic field leading to population of spin states with singlet 
character in the product molecule. Adiabatic increase of the magnetic field at the sample carries 
this population into a preferred high-field energy level, βα, which allows one spin to emit and 
the other to absorb.  
In both cases, the hydrogenation reaction must fulfil some requirements in order to 
measure the PHIP effect. First of all, the p-H2 atoms must occupy non-equivalent 
positions in the hydrogenated product, otherwise the symmetry of p-H2 is preserved and 
no signal is observed. An example of the latter is the hydrogenation of symmetric 
molecules in which the protons are magnetically equivalent (e.g. same chemical shift, A2 
spin system). PHIP can be observed, however, in symmetrical molecules when an 
asymmetrical intermediate is formed or when the symmetry can be broken by scalar 
coupling with 13C atoms. Secondly, p-H2 has to be added pairwise to the substrate of 
interest (e.g. the quantum mechanical information of the p-H2 has to be preserved), 
which generally limits the choice of the catalyst. Only specific homogeneous catalysts 
can be used such as Wilkinson’s21 or Crabtree22 catalyst. Heterogeneous catalysts like 
palladium on charcoal, are not suitable as the reaction mainly takes place via the 
Horiuti−Polanyi mechanism.23 Hereby the quantum coherence of p-H2 is lost by 
scrambling of the hydrogen atoms on the metal surface. However, there are a few 
exceptions24 and it was also demonstrated that by capping the surface of nanoparticles 
with ligands, PHIP catalysis is possible.25-27 Last but not least, the overall process must be 
faster than thermal spin relaxation. This requires high reaction rates and thus highly 
active catalysts and preferably long nuclear relaxation times (T1) in the products and 
intermediates (or a short life time of fast relaxating intermediate species). In the years 
after its initial discovery, PHIP has been used to study catalytic processes, reaction 
mechanisms and kinetics.15,28 However, at this moment one of the major driving forces is 
its potential in human MRI research, as PHIP can produce new hyperpolarized contrast 
agents which might be suitable for clinical diagnostics and/or study of metabolic 
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pathways.29 In the light of these events and the required reaction conditions for PHIP as 
described above, we envisioned that the use of microfluidics can be beneficial compared 
to the general applied batch wise process. In Chapter 7, we investigated the potential of 
such a microfluidic system that would be capable of continuously producing 
hyperpolarized molecules which could be directly characterized with NMR.  
1.2.5 SABRE 
Signal Amplification By Reversible Exchange (SABRE) is the hyperpolarization technique 
that is used throughout this thesis, with the exception of Chapter 7. Recently a review 
by Ryan Mewis was published,30 which describes the development and advances in 
SABRE since its discovery in 2009, including part of the research presented in this thesis. 
1.2.5.1 Basic Principles 
SABRE was reported first in 2009 by Duckett et al.,31 who demonstrated that PHIP can 
occur without incorporating p-H2 in the substrate of interest. SABRE is based on the 
reversible binding of p-H2 and a small coordinating molecule to an iridium-based 
catalyst in solution (Figure 1.7). The spin polarization can be transferred spontaneously 
from the p-H2-derived hydride ligands to the coordinating molecule (Py = pyridine) via 
the scalar coupling network of the iridium complex at low magnetic field (i.e. strong 
coupling regime (Δν << J)). The field where the polarization occurs is often referred to as 
prepolarization field (PPF) or polarization transfer field (PTF). The size of the scalar 
coupling is important; an ortho-proton in the coordinating substrate trans to the hydride 
is required (4JHH coupling), since coupling to meta-protons (5JHH coupling) is too small for 
efficient hyperpolarization transfer at these time scales. Once the ortho-proton is 
hyperpolarized, polarization transfer within the substrate molecule can occur. Upon 
dissociation of the metal complex and subsequent transfer to high magnetic field, like in 
the ALTADENA experiment, the free hyperpolarized molecules (substrate) can be 
detected showing large NMR signal enhancements. As the polarization originates from 
p-H2 and no chemical modification of the coordinating molecule takes place, SABRE is 
sometimes also referred to as non-hydrogenative PHIP (nhPHIP). An important 
advantage of SABRE over the conventional PHIP is that hyperpolarization can 
continuously be renewed as the whole process is reversible.  
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Figure 1.7 Schematic representation of hyperpolarization transfer from p-H2 to Py through 
catalyst 1+, resulting in large signal enhancements in NMR. 
In the initial experiments 15N-labeled pyridine was used as a substrate, but in a 
second report a range of other aromatic N-heterocyclic substrates were hyperpolarized 
demonstrating that polarization transfer also occurred to other nuclei including 1H, 13C, 
19F and 31P.19  
1.2.5.2 Substrate Scope 
SABRE greatly enlarged the substrate scope of PHIP as double or triple bonds were no 
longer required in the substrate molecule. Up till now various molecules have been 
polarized, including purines and pyrimidines,32 pyrazoles,33 amino acids, peptides,34 
acetonitrile35 and various drugs.36-38 To a certain level the scope is still restricted in the 
sense that in general most SABRE substrates have an aromatic N-heterocyclic ring. 
Other molecules capable of coordination to the metal center can also in theory be 
hyperpolarized, but in most cases conditions for efficient hyperpolarization transfer 
with the currently used catalyst are not met (e.g. exchange rate and/or J coupling are 
not in the optimal regime). In the case of unsuitable molecules, hyperpolarization is 
made possible by labelling the compound with SABRE-active moieties, as was 
demonstrated by the introduction of an (iso)nicotinic acid label in oligopeptides.39 
More recently, it was reported that polarization of protic solvents under slightly 
acidic conditions can be achieved.40 The exact mechanism of hyperpolarization transfer 
is in this case not known yet. There is evidence for transfer of hyperpolarization from 
the free substrate to the solvent by proton exchange (Figure 1.8) as well as by a 
complementary mechanism involving direct coordination of the solvent to the catalyst 
as shown in Figure 1.7. It was hypothesized that it might be possible to transfer 
hyperpolarization of solvent protons to biomolecules with acidic NH protons by 
chemical exchange, on the condition that the hyperpolarization of the solvent is 
sufficiently long lived. This alternative mechanism may offer new opportunities to 
increase the substrate scope. 
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Figure 1.8 Proposed mechanism by Moreno et al.40 for hyperpolarization transfer to solvent 
protons via chemical exchange. Pyridine is protonated under acidic conditions and polarization 
is transferred to the acidic proton via scalar coupling to the hyperpolarized aromatic ring 
protons.  
1.2.5.3 Catalyst Design  
In the first reports, cationic iridium complexes were used with the formula 
[Ir(PR3)2(COD)][BF4] (where R = Ph, p-tolyl or p-MeOC6H4, COD = cyclooctadiene), which 
forms upon addition of p-H2 and pyridine in CD3OD two complexes: [Ir(H)2(PR3)2(Py)2]+ 
and a small amount of [Ir(H)2(PR3)(Py)3]+.31 Both species are active in hyperpolarization 
transfer, but despite the smaller quantity of the tris-pyridine complex, higher signal 
enhancements for its hydride signal were obtained. Furthermore, it was found that the 
exchange rates for H2 and Py for the tris-pyridine species were considerably higher. As 
the [Ir(H)2(PR3)(Py)3]+ complex seems more active, it was investigated in further detail 
(Figure 1.9A).41 A series of phosphine ligands (PCy3, PCy2Ph, PCyPh2, PEt3, PiPr3, PnBu3, 
PtBu3 and P(1-naphthyl)3) were screened and their performance in SABRE was 
evaluated. The best results in terms of signal enhancement of the free substrate were 
obtained when electronically rich and sterically demanding phosphine ligands (e.g. 
PCy2Ph) were employed. It was envisioned32 that higher efficiencies might be obtained 
with more strongly electron donating N-heterocyclic carbene (NHC) ligands.  
 
Figure 1.9 Overview of published SABRE catalysts. A) Monophosphine catalysts;19,41 B) NHC 
complex analogues;32,42,43 C) Mixed NHC-phosphine ligands;44 D) Pincer complexes;45 E) Most 
predominant active species in the co-substrate approach;46,47 F) General structure of 
immobilized SABRE catalysts.48,49 Analogues of complexes A, B & C have been investigated with 
water-soluble phosphine and NHC ligand derivatives;50,51 Py = pyridine, mTz = 1-methyl-1,2,3-
triazole. 
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The first carbene complex, [Ir(IMes)(COD)Cl] (IMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazole-2-ylidine), used in SABRE was reported by Cowley et al.32 and 
showed higher signal enhancement than the monophosphine analogues (Figure 1.9B). 
The chemical space these ligands offer was explored by the group of Duckett43 as well as 
by us. In Chapter 2 we report on the efficiency of various iridium NHC complexes with 
aliphatic and aromatic R groups as SABRE catalysts, where we measured the signal 
enhancement of Py and the polarization transfer field dependence of all catalysts. In 
addition, we determined the lifetime of the complexes by measuring the dissociation 
rate of pyridine. In order to compare the results, the steric and electronic properties of 
the ligands were investigated.42,52 It was theoretically predicted53 that the 
hyperpolarization efficiency of SABRE depends on both the lifetime of the metal 
complex and the strength of the magnetic field in which polarization transfer occurs 
and our experimental results confirmed this hypothesis. Later on, similar results were 
obtained by Duckett and co-workers43 in their series of NHC-iridium complexes. Both 
studies strongly suggest that there is an optimal exchange rate for both Py and H2 for 
hyperpolarization transfer. This is exemplified with the previously mentioned IMes 
catalyst which is centrally located in the trends in exchange rate, %Vbur and PAAP, 
resulting in the highest enhancement factor for pyridine (see Chapter 2).42,43  
In addition to mono-ligand systems, mixed NHC-phosphine catalysts have also been 
investigated (Figure 1.9 C). In Chapter 3 we evaluate a series of in situ generated 
[Ir(H)2(IMes)(PR3)(Py)2]+ complexes for SABRE. The addition of the phosphine did not 
have a large influence on the performance and signal enhancements and exchange rates 
(9.9 s-1) were comparable to those of the conventional catalyst without phosphine. These 
conclusions are, however, not in line with a study of Fekete et al.44 They observed that 
the signal enhancement of [Ir(IMes)(PPh3)(Py)2(H)2]+ was about 50% lower than when 
[Ir(IMes)(Py)3(H)2]+ was employed, which is probably related to the difference in 
measured exchange rates of Py (1.94 s-1 for the PPh3-IMes complex and 6.26 s-1 for IMes, 
respectively). This apparent contradiction can be explained by a difference in 
experimental conditions, as deviations in concentrations, catalyst:substrate ratios, 
temperature and polarization transfer field (PTF) can have a large impact on the 
obtained results. 
At this time, one example exists where a pincer ligand was employed (Figure 1.9 D).45 
This type of ligand blocks three metal coordination sites and can potentially improve 
the specificity of the hyperpolarization transfer process. It was found that this catalyst 
is active but that the obtained signal enhancement (12 fold) for Py is low compared to 
the [Ir(H)2(IMes)(Py)3]+ catalyst. Good activity was mainly precluded by the formation of 
an intermediate dihydrogen species [Ir(H)2(H2)(C5H3N(CH2P(tBu)2)2)] (not shown) that 
leads to efficient relaxation of p-H2. 
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SABRE catalysis is not exclusively restricted to iridium complexes. In Chapter 2, we 
also investigated [Rh(NHC)(COD)Cl] complexes, but these catalysts are hardly activated 
under the applied reaction conditions and were therefore deemed unsuitable for this 
purpose. Zhivonitko et al.,54 however, demonstrated that single shot 31P NMR imaging of 
a model object was possible using the reversible interaction between p-H2, PPh3 and a 
[Rh(H)2(PPh3)3Cl] catalyst. 
Our objective is to develop SABRE as an analytical technique; another major driving 
force is its potential to generate new hyperpolarized contrast agents for MRI. In order to 
achieve this goal there are two major challenges in catalyst design: compatibility with 
aqueous media and quick removal of the catalyst. The latter can be facilitated by 
immobilization of the catalyst on a heterogeneous support.  
Deuterated methanol, the commonly used solvent, is toxic and therefore numerous 
studies have focused on using aqueous solutions.51,55-58 The first hurdle is the insolubility 
of the [Ir(IMes)(COD)Cl] catalyst precursor in water, which can be partly attributed to 
the presence of the hydrophobic COD moiety. This was to some extent resolved by 
activating (bubbling with hydrogen) the catalyst in the presence of substrate, resulting 
in the more soluble hexa-coordinated [Ir(H)2(IMes)(Substrate)3]+ complex, whereafter 
D2O was added to the mixture.59 Subsequently, the methanol in the mixture was 
evaporated and after filtering a mixture with the active catalyst containing 90% of water 
and 10% of methanol in the molar fractions was obtained. Using this procedure 3-
amino-1,2,4-triazine could be hyperpolarized in water and at a temperature of 54.4 oC an 
enhancement of 170 (P = 1%) was obtained.57 It is important to note, that this strategy 
did not work for other substrates like pyridine, isoniazid or pyrazinamide despite the 
fact that good enhancement can be obtained in methanol. In a report of Hövener et al.55 
a polarization level of 0.02% for pyridine in a H2O-ethanol 9:1 was obtained. 
The polarization transfer to nicotinamide in ethanolic mixtures was also 
investigated.56,58 It was observed that signal enhancements of 70-fold and 105-fold for 
the α-o-H2 proton (with regard to the ring nitrogen and amide) was obtained in d6-
ethanol:D2O mixtures in 16:1 and 1:1 ratios, respectively. Both enhancements were, 
however, lower than those in methanol.56 A modification of the method described above 
was used to polarize nicotinamide in neat water. The catalyst and nicotinamide were 
dissolved in ethanol, activated with hydrogen, and the solvent removed in vacuo, prior 
to reconstitution in pure D2O. Enhancements of approximately 30-fold were observed 
for most proton signals after transferring the sample to 9.4 T.58 The advantage of this 
method is that no co-solvent is required and that water-insoluble COD and (partly) 
hydrogenation intermediates are not extracted into the aqueous phase. The 
enhancement values in D2O are low and can be attributed to a change in the reaction 
kinetics (e.g. exchange rates) and lower solubility of hydrogen in water. 
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The latter was also the main problem when water-soluble SABRE catalysts were 
utilized.50 This was exemplified by the preparation of mixed phosphine-NHC complexes 
[Ir(H)2(IMes)(MeCN)(Py)(X)][BF4] where X was di-para-sulfonated triphenyl phosphine 
(ptppds), mono-meta-sulfonated triphenyl phosphine (mtppms) or meta-tri-sulfonated 
triphenylphosphine (mtppts). Furthermore, NHC ligands were modified by Cu-mediated 
azide-alkyne cycloaddition (click) chemistry at the periphery with a 1,2,3-triazole ring 
carrying a protic or a charged group to increase water solubility. This resulted in active 
complexes with the formula [Ir(H)2(NHC)(Py)3][Cl] (NHC = SIMesCh, SIMesTrimet and 
IMesOH). All these catalysts demonstrated good activity in methanol, which was 
dramatically reduced when aqueous solvents were applied. In this perspective one could 
conclude that water solubility of the catalyst alone is not sufficient to be able to 
successfully perform SABRE in neat water. Our group, however, demonstrated that 
modification of an NHC ligand with polyethylene groups yield a fully water compatible 
catalyst which was also able to hyperpolarize several substrates in neat water. Signal 
enhancements up to 42 times at 7.0 T were obtained.51 
As mentioned previously, heterogeneous SABRE (HET-SABRE) is also an important 
step towards the development of SABRE hyperpolarized contrast agents for MRI. The 
group of Goodson reported the first results on this topic.48,49 In their initial publication 
the conventional IMes catalyst was immobilized on a polymer microbead support and 
small signal enhancements (up to 5 times at 9.4 T) were obtained.48 They improved the 
system by covalently tethering the iridium catalyst on a TiO2/PMAA (poly(methacrylic 
acid)) nanoparticle and a PVP (polyvinylpyridine) polymer comb, resulting in signal 
enhancements of ~40 and ~7, respectively (general structure depicted in Figure 1.9).49 In 
both reports it was established that the observed signal enhancements resulted from 
the immobilized catalyst and not from leached catalyst molecules. The feasibility of 
recovering and recycling of the catalyst was also demonstrated, supporting the 
potential of HET-SABRE.  
In this section we have provided an overview of the catalyst developments in relation 
to SABRE. It has become apparent that the exchange rates of pyridine and H2 play a 
crucial role in the hyperpolarization transfer process. In order to maximize the signal 
enhancement a balance needs to be found between the chemical- (e.g. exchange rates) 
and physical- (e.g. polarization transfer time and field, relaxation effects) constraints. It 
was demonstrated that with the design and synthesis of (new) ligands this balance can 
be modulated to a certain extent. There are also a few additional factors influencing the 
efficiency of polarization transfer, which will be discussed in the next section. 
1.2.5.4 Optimization 
As discussed in the previous section, the hyperpolarization transfer catalyst can be 
optimized by ligand design. Besides the structure of the catalyst, there are other 
parameters which influence polarization transfer.  
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The main contributors are: 
i. prepolarization field/polarization transfer field 
ii. temperature 
iii. catalyst to substrate ratio 
iv. p-H2 pressure 
v. number of hyperpolarizable protons  
Prepolarization field  
The dependency of the PPF or PTF was predicted shortly after the initial discovery of 
SABRE.53 The optimal field depends on the scalar coupling and chemical shift differences 
that exist in the iridium complex between the spin-½ nuclei of the substrate and the p-
H2 derived hydrides. This was experimentally confirmed by a study of Dücker et al.,33 in 
which the field dependence was determined for several pyrazole substrates. They 
concluded that field strengths for maximum signal enhancements depend only weakly 
on the structure of the substrate; the type (e.g. 4JHH versus 5JHH) and size of the coupling 
appeared more important. Similar observations have been reported when the 
hyperpolarization was transferred to other nuclei such as 13C.35 With an automated setup 
developed by Bruker,32,56 the PTF can easily be altered and optimized. This was 
performed for several substrates such as pyridine,32 isoniazid37 and quinoline,60 but also 
for various catalysts (see Chapter 2).42 In most cases the maximal signal enhancements 
for 1H nuclei are obtained in a magnetic field of 60-80 G. 
Temperature 
The importance of exchange rates and the lifetime of the metal complex have already 
been discussed in the Catalyst design section. It may not come as a surprise that the 
polarization transfer efficiency of the catalyst depends on temperature. By cooling or 
heating the sample, the exchange rates of the substrate and hydrogen can be altered to 
optimize the signal enhancement, as has been demonstrated in several studies.37,44,54 
Remarkably, the IMes catalyst of the pioneering study30 still provides the best signal 
enhancement for pyridine with an exchange rate of 9 s-1 at room temperature (Chapter 
2).32,42  
Catalyst to substrate ratio  
As will be demonstrated in Chapters 3, 4 and 5, dilution of the catalyst or employing a 
substrate:catalyst ratio below 3 results in both irreversible and reversible deactivation 
of the catalyst and thus loss of catalytic activity.46 Furthermore, the presence of the 
catalyst results in substantial reduction of the T1 relaxation time (50-70%) of 1H nuclei in 
the substrate, resulting in a detrimental effect on the observed hyperpolarized signals.43 
This effect was further investigated in a study where the ratio of catalyst 
[Ir(H)2(NHC)(nicotinamide)3]+ and nicotinamide was varied.56 The use of lower 
concentrations of catalysts was beneficial, but came at the cost of a longer reaction 
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time. In general it could be stated that undesirable shortening of the T1 values by the 
catalyst cannot be sufficiently offset by variation in substrate:catalyst ratio.  
Para-Hydrogen pressure 
Hydrogen gas is of great importance in the SABRE process and the effect of H2 pressure 
on the level of signal enhancement was investigated in several reports. In both cases a 
non-linear response was obtained which tends to reach a plateau at higher pressures  
(5-8 bar).43,56 Therefore, it is recommended to apply the highest pressure possible which 
is allowed by the experimental setup in order to obtain the best signal enhancements. 
The dependence on hydrogen pressure is related to its (limited) solubility. This can 
especially be a problem when aqueous systems are used,50 as hydrogen is more soluble 
in ethanol than in water by a factor of ~14.61 
Number of hyperpolarizable protons  
Another strategy that can be employed to maximize the signal enhancement is to 
reduce the amount of spins which can accept polarization. This will give a positive 
effect, as the polarization is spread over fewer spins. One way to achieve this is by using 
deuterium labeling. This was demonstrated by using 3,4,5-d3-pyridine as a substrate 
resulting in a large signal enhancement of the ortho-protons.32,55 A similar positive effect 
was observed by Dücker et al.,33 who employed a mixture of pyridine-d5 and pyridine 
(ratio 10:1). Besides modification of the substrate, the use of fully deuterated catalyst 
ligands can be advantageous.44,45 This is, however, not a general effect. It appeared that 
in mixed phosphine-NHC catalyst systems, deuteration of the NHC ligands had only a 
marginal effect while deuteration in the phosphine ligand led to a significant 
improvement.44 
All aforementioned factors have an effect on the conditions for optimal polarization 
transfer in SABRE. This results in a rather complex system and it is necessary to strike a 
compromise between all those physical constraints. This makes it sometimes difficult to 
directly compare the results in various literature reports, as small deviations in 
experimental conditions can have large influence on the obtained level of 
hyperpolarization. 
1.2.5.5 Low field SABRE  
One of the drawbacks of NMR is the requirement for expensive, strong magnets in order 
to obtain a good resolution and sensitivity. In the mid 2000s developments began to 
down-size NMR. The goal is to develop portable bench top machines which make use of 
cheap permanent magnets. Such low-field NMR systems (milliTesla range) can benefit 
from the level of signal enhancement that SABRE can offer.55,62,63 The potential of low 
field NMR is illustrated in a report from Glöggler et al., who were able to detect harmine, 
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morphine and nicotine with SABRE at 3.9 mT, at a milligram level, with room for 
improvement as only 50% p-H2 was used.36 
 
1.2.5.6 High Field SABRE 
The spontaneous hyperpolarization transfer in SABRE depends on the strong coupling 
conditions at low magnetic fields, whereafter shuttling of the sample to high magnetic 
fields takes place in most cases for measurement. Initially, this process was theoretically 
described by Adams et al.53 When all magnetic and kinetic parameters are known, this 
theory is capable to predict the observed SABRE effects. In practice, however, not all 
values are known (see Chapter 6) and therefore not all effects can be accurately 
predicted. Pravdivtsev et al.64 used Level Anti Crossings (LACs) as a shortcut to a 
qualitative description of SABRE effects. The LAC concept defines the optimal magnetic-
field regions in which polarization transfer is efficient and is able to predict the sign of 
the resulting polarization. From these theoretical models it appears that the optimal 
value of the prepolarization field (Btransfer) at which maximum polarization transfer 
occurs is mainly determined by the hydride-hydride scalar coupling in the polarization 
transfer complex. Moreover, the efficiency of the polarization transfer itself is mainly 
determined by the long range hydride-to-substrate coupling. Recently, Barsiky et al. 
combined the LAC theory with analysis of the chemical kinetics, which gave an even 
more complete analytical model which can be helpful in further optimization of system 
parameters.65  
It was demonstrated by Pravdivtsev et al.66 that LAC conditions can also be fulfilled at 
high fields by turning on a strong RF-field (spin-locking field) with properly chosen 
amplitude and frequency. This methodology was dubbed RF-SABRE and signal 
enhancements of 360 for free ortho-protons of d4-pyridine and 700 for the bound 
pyridine and hydrides were achieved. This is significantly more than the signal 
enhancement of about 5 which was achieved by Barskiy et al.67 in high magnetic field. 
However, in their case the hyperpolarization of substrates was ‘spontaneously’ obtained 
presumably due to a spin polarization-induced nuclear Overhauser (SPINOE)86 type of 
mechanism. 
A second high magnetic field methodology was developed by the Warren group and 
was named Low-Irradiation Generation of High Tesla-SABRE (LIGHT-SABRE) which 
works with low power deposition.68 Low-power CW pulses (less than 0.01% of the power 
employed by Pravdivtsev et al.)66 can produce large coherent polarization transfer from 
p-H2 atoms to metal-bound ligands at any magnetic field, as long as the p-H2 atoms are 
chemically but not magnetically equivalent (a very common case). This was 
demonstrated in an example by which 15N-labeled pyridine was hyperpolarized. The 
only requirement was that the CW-power matches the sum (or difference) of hydride-
hydride and 15N-15N J-coupling. At a catalyst to substrate ratio of 1:10 and a 
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concentration of 2.5 mM 15N-pyridine, a 480 fold enhancement in 15N-signal was 
observed over the 9.4 T thermal signal. In principle this technique should also be 
applicable to any other nucleus.  
These first reports of SABRE at high magnetic field represent an important step 
forward as they bypass the requirement of rapid transfer from low to high magnetic 
field. This field cycling process requires specialized equipment and the transfer time 
results in significant loss in polarization. The performance of SABRE at high field offers 
new opportunities as continuous hyperpolarization is possible with the prospect of 
performing multi-scan and/or 2D experiments.  
1.2.5.7 Imaging studies 
The development in SABRE offers also new exciting prospects in hyperpolarized MRI, 
especially in in vivo applications. In a first example, hyperpolarized pyridine was used to 
visualize ten glass cylinders with a 1-mm internal diameter in an 8 mm NMR tube. The 
gain in sensitivity was over 160 fold and under thermal equilibrium conditions no image 
was visible, demonstrating the viability of this approach.19 In another report,69 a low 
field MRI was used to obtain high-resolution 1H MR images of continuously 
hyperpolarized pyridine at very low concentrations in only 250 sec, while obtaining 
images of water at a similar resolution required 2.16 h of measurement time. This 
research was followed up by Chekmenev et al.,63 who conducted MRI of hyperpolarized 
products in two regimes, namely, first, in situ real time MRI of the reaction mixture (in 
which pyridine was hyperpolarized) and secondly, ex situ MRI of the hyperpolarized 
liquid (in which hyperpolarized pyridine decayed). 
Acquisition of images of nuclei other than protons is also possible, which can be 
particularly useful for in vivo applications because of longer relaxation times, lack of 
background signals and a greater diversification in chemical shift. An example of 13C 
high field MRI was published by Hövener et al.,55 who hyperpolarized 13C6-labeled 
nicotinamide in pure ethanol and a mixture of 11% ethanol in water. A single scan image 
was enhanced by a factor of 65, which resulted in a drastic decrease in measurement 
time compared to an image at thermal equilibrium (20 min versus 18 h). In addition, 31P 
MR imaging has been investigated by the groups of Koptyug54 and Duckett.70 A tube 
filled with [Ir(H)2(PPh3)3Cl] in toluene gave good signal enhancements for the free and 
bound PPh3 species at 7 T. The large improvement in sensitivity made single-shot 31P-
NMR imaging of a model object possible.54 Duckett and co-workers70 also investigated 
the polarization transfer to pyridyl-substituted phosphonate esters using the 
conventional IMes catalyst. Again the hyperpolarization level was sufficient to allow 
single scan 31P MR images at 9.4 T. Moreover, this resulted in an enormous decrease in 
measurement time compared to standard conditions without p-H2. Furthermore, 15N-
labeled pyridine was used for imaging while utilizing the SABRE–SHEATH (Shield 
Enables Alignment Transfer to Heteronuclei) method.71 This refers to the μT field where 
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the polarization takes place, which is much more efficient in this magnetic field region 
for heteronuclei than in the conventional SABRE experiments (mT). The gain in signal 
strength was enough to enable the first 15N images of a hyperpolarized substrate with a 
2 × 2 mm2 resolution.72 To illustrate the potential of this method, the generated 
hyperpolarization levels were ~6 times larger than to those achieved by dissolution 
DNP73 with a much more rapid hyperpolarization process (~1 min vs ~2 h).   
Modern MRI methods rely heavily on the possibility to restore magnetization and use 
it hundreds of times to generate one image. This typically requires special techniques as 
the magnetization generated by SABRE normally decays quickly. The lifetime of the 
hyperpolarized state can be taken out of the equation when the rate of depletion is 
matched by the rate of hyperpolarization transfer. This requires the design of systems 
capable of rapid and continuous generation of hyperpolarized molecules. Such systems, 
developed by the groups of Von Elverfeldt/Duckett69 and Chekmenev,63 allow the 
repeated observation of each molecule and fast signal averaging on a short timescale. 
This continuous hyperpolarization process was theoretically predicted using the Level 
Anti-Crossing (LAC) theory64 and the major features of the experiment were adequately 
simulated.74 
1.2.5.8 Towards analytical applications 
SABRE is generally applied at relatively high concentrations (mM) with a large excess of 
substrate with respect to the metal complex. However, the improvement in signal to 
noise ratio offers an exciting future prospect for the detection of analyte molecules at 
concentrations below the detection limit of conventional NMR. In a report of Lloyd et 
al.,60 it was demonstrated that SABRE enables rapid completion of a wide range of 
structurally informative 1D and 2D NMR experiments at low analyte concentrations. 
The examples include amongst others 1H, 1D-NOE, 2D-HMBC, and 2D 1H OPSY-COSY 
spectra of a sample containing 2 μmol of quinoline (ratio substrate: catalyst 20:1). The 
OPSY (Only Para-Hydrogen Spectroscopy) pulse sequence removes any signals that do 
not originate from SABRE hyperpolarization and allows recording of a spectrum against 
a strong proton background.75,76 
We found that direct application of SABRE to NMR analysis of low analyte 
concentrations was precluded when substrate ligands were diluted below stoichiometry 
with regard to the catalyst (see also Chapters 3 and 4). The decrease or even complete 
disappearance of signal enhancement could be attributed to the formation of inactive 
species containing one or more solvent molecules [Ir(H)2(NHC)(MeOH)(Py)2]+. 
Prevention of the formation of this species and restoration of SABRE at low substrate 
concentration could be achieved by addition of a co-substrate.46,77 In Chapter 4, we 
describe the synthesis and evaluation of a series of co-substrates. In this study 1-methyl-
1,2,3,-triazole (mTz) was selected as the most suitable coordinating ligand, as it had the 
best properties in terms of affinity and exchange rate. With this novel catalytic system 
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(Figure 1.9 E), we were able to detect pyridine in one single scan at a limit of < 1 µM in 
CD3OD. This could further be improved to an estimated 100 nM by using an automated 
system and 100% p-H2. In Chapter 5, we have investigated this system in further detail, 
employing a density functional theory (DFT) study, validated by extended X-ray 
absorption fine structure (EXAFS) experiments.47 We could provide explanations for the 
relative abundance of the observed metal complexes, since the presence of two 
substrates gives rise to various possible conformations as there are three available 
coordination spots of the metal complex, as well as their contribution to SABRE. 
Furthermore we have established that the interaction between iridium and ligands cis to 
IMes is weaker than those that are trans, and that in mixed complexes with Py and 
triazole the latter preferentially takes up the trans position (Figure 1.9 E).  
Our work has not gone unnoticed: Daniele et al.78 utilized a deuterated co-substrate in 
order to obtain clean, SABRE-hyperpolarized, 1D and ultrafast 2D NMR spectra of 
mixtures of small molecules at sub-millimolar concentrations. The role of the 
deuterated co-substrate (d5-pyridine) was not only to increase the signal enhancement, 
but more importantly to suppress the unwanted intense signal of the co-substrate and 
overlap with the analyte of interest, in order to obtain good-quality spectra. 
Multidimensional NMR spectra can aid the analysis of complex mixtures, but 
conventional 2D NMR approaches require long acquisition times which are not 
compatible with hyperpolarization. Recent developments show, however, that multi-
scan single shot ‘quantitative’ 2D NMR can be a valuable alternative to the conventional 
methods.79,80 It was demonstrated that hyperpolarized ultrafast 2D COSY can be 
recorded in a single scan.78 This type of NMR experiments suffer, however, from a 
sensitivity penalty81 and the detection limit is therefore not lower than the sub-
millimolar range. 
An important feature of NMR is the direct correlation between signal integral and 
quantity (concentration). This linear relationship typically does not hold for 
hyperpolarized molecules, as the achievable polarization is dependent on the catalyst 
and substrate concentration.65 Additionally, one has to take into account that the 
efficiency of SABRE can strongly vary between different substrates or even between 
nuclei in the same molecule. 
However, we established that a linear dependence exists between SABRE signal 
intensity and the concentration of a diluted analyte in the presence of a large excess of 
co-substrate.46 This was an important starting point and an essential requirement for 
further development of SABRE as an innovative analytical technique. We exploited this 
feature in the quantitative analysis of a complex mixture.77,82 A dilute solution of 
nicotinamide (8.5 µM), in the presence of the metal complex precursor [Ir(IMes)(COD)Cl] 
(333 µM) and a mixture of fifteen components (6 mM total concentration) was prepared. 
After activation with p-H2, a SABRE spectrum was recorded (Scheme 1.1, step 1). Next, 
standard addition was performed on the original mixture, in which the solution was 
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spiked with exactly known analyte quantities in six consecutive steps (Scheme 1.1, steps 
2-4). Subsequently, the procedure was repeated (step 1). The results obtained in these 
experiments are shown in the lower part of Scheme 1.1 (step 5). At the bottom left, the 
increasing SABRE signal of a well-resolved nicotinamide peak is shown. The 
corresponding linear plot of the SABRE signal integral versus the added analyte 
concentration can then be used to extrapolate the value of the initial analyte 
concentration (Scheme 1.1, bottom right). It is important to note that the various 
proton signals of nicotinamide gave different slopes because the signals are not 
enhanced to the same level. Nevertheless, extrapolation of the two curves leads to the 
same concentrations within experimental error (not shown). Besides nicotinamide, 
comparable results were obtained for diluted substrates such as pyrazine, isoxazole, and 
quinazoline in similar mixtures, which indicate that this approach is broadly applicable. 
Furthermore it is noteworthy that relatively small deviations in the substrate matrix 
(induced by spiking) do not have an influence on all other substrate signals, as they 
remain substantially unperturbed during the standard-addition series. 
 
Scheme 1.1 Schematic representation of the workflow for quantitative analysis of complex 
mixtures. First, a sample is prepared and degassed, activated with p-H2 and shaken in the stray 
field of the spectrometer. After insertion, a simple 90 degree read out pulse is applied to acquire 
the SABRE spectrum. The procedure is repeated, but now the sample is spiked with an exactly 
known quantity of the analyte of interest (nicotinamide). These steps are repeated several 
times. The increase in signal intensity of the spiked analyte at various concentrations is 
depicted in the insert bottom left. The resulting data can be used to extrapolate the value of the 
initial concentration of the diluted analyte (bottom right).77,82 
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In the perspective of developing an analytical application in biofluids, the results 
above are absolutely encouraging, but there is room for improvement. Complex mixture 
analysis can sometimes be troublesome due to extensive crowding and the inevitable 
overlap of signals (Scheme 1.1, bottom). This can hamper accurate identification and 
quantification of the analyte of interest. Furthermore, the SABRE method requires field 
cycling which has disadvantages as previously discussed. These two issues have been 
addressed by the development of a novel high field approach based on SABRE.83 In this 
method the chemical process is exactly the same as in conventional SABRE. There is, 
however, a fundamental difference. Typically, the hyperpolarized bulk substrate (e.g. 
substrate free in solution) is measured. On the contrary, this new methodology 
exclusively targets bound substrate molecules. In these experiments a novel pulse 
sequence is utilized which exploits the asymmetry in co-substrate complexes (Figure 
1.8) and results in a 2D correlation spectrum (Figure 1.10A). The spectrum shows the 
correlation between hydrides and substrates of all SABRE complexes in solution at once. 
Due to the dispersity of the hydrides, overlapping substrate resonances are spread in 
two dimensions and the peaks in the spectrum are nicely resolved. As mentioned 
previously, these experiments are being performed at high field and benefit from the 
possibility to continuously hyperpolarize the sample which allows for rapid acquisition 
of multiple scans. 
 
Figure 1.10 A) 2D 1H-1H correlation spectrum between enhanced hydrides and aromatic protons 
of a mixture of thirteen SABRE substrates with concentrations between 250 nM and 2 μM. The 
spectrum was recorded in 23 min at 25 °C in the presence of 2 mM metal complex, 30 mM mTz, 5 
bar 51% enriched p-H2. (B) 1D Spectrum of the same substrate mixture, in the absence of metal 
complex, mTz and p-H2. This spectrum was acquired with 32768 scans in 9.5 h using a 30-degree 
pulse and a recovery delay of 1 s. Both spectra were acquired at 500 MHz, 1H resonance 
frequency.83 
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Furthermore, it was demonstrated that the standard addition approach can also be 
applied in this high field experiment.83 To conclude, this method offers now a powerful 
tool for accurate concentration determination in the nanomolar regime with a good 
dispersion of NMR resonances. 
The developed methodologies represent an important step forward, but one can 
argue that the applicability is still limited, as their use was only demonstrated in 
artificial mixtures. In ongoing research efforts within the Ultrasense NMR program, 
these methodologies are being applied in food extracts and biofluids. Recently, we 
demonstrated the detection and quantification of several flavours and aromas in the 
low-micromolar concentration range in coffee extracts.77,84, It is also hypothesized that it 
should be possible to use only one calibration curve to quantify one substrate in all 
different samples of a similar matrix (e.g. different types of coffee). This would give the 
opportunity to perform chemometric analyses in order to classify different samples. In a 
second showcase, we were able to detect and quantify a doping substance, 
nikethamide85 and its metabolite, in human urine.38,77 These results illustrate the 
enormous progress that has been made towards analytical applications since the initial 
discovery of SABRE. 
1.3 Outline 
Hyperpolarization will play a major role in the development of novel (diagnostic) 
applications in NMR and MRI in the near future. One of the hyperpolarization 
techniques is PHIP, which uses para-hydrogen to generate hyperpolarized molecules in a 
short time span at low costs compared to other methods. SABRE is a derivative of PHIP 
and is based on the reversible interaction of a substrate and p-H2 with a metal complex 
in which the polarization is transferred via a transient scalar coupling network. This 
emerging technique offers an exciting playground for chemists and spectroscopists. 
There is a need for chemists to understand the underlying chemical mechanisms and 
developing novel catalytic systems, while spectroscopists contribute by the 
development of theoretical models and experimental approaches to exploit the 
hyperpolarization transfer process in dedicated MR experiments. Our objective is to 
develop SABRE as an innovative analytical tool for the detection and quantification of 
low concentration analytes in biofluids or food extracts. We started with the design, 
synthesis and structural analysis of NHC and mixed NHC-phosphine iridium complexes 
at relatively high concentrations described in Chapters 2 and 3, respectively. In this 
context we also determined the exchange rates of substrates to gain more insight in the 
efficiency of the hyperpolarization transfer process from a chemical point of view.  
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As mentioned in section 1.2.5.4, our catalysts were not directly applicable for the 
detection of low concentrations of analytes, as the catalytic activity was lost upon 
dilution of substrate. In Chapter 4, the co-substrate approach is presented, which 
prevents the formation of inactive catalytic species and restores SABRE at low 
concentrations. We discuss the synthesis and evaluation of a small library of potentially 
suitable co-substrates. Beyond the scope of this thesis, but nevertheless important, we 
established that our catalytic system can be used for quantification by utilizing a 
standard addition approach (Section 1.2.5.8, Toward analytical applications). Because of 
these important results, we investigated this catalytic system in detail by a 
computational DFT study, accompanied by EXAFS experiments in Chapter 5. In order to 
improve the theoretical description of SABRE, it is necessary to know the exact value of 
the J-coupling which requires a dedicated NMR experiment. In Chapter 6, we 
synthesized a complex that could be suitable for such measurements and has another 
possible application in the discrimination of enantiomers by SABRE. Chapter 7 is 
fundamentally different compared to the previous chapters, as our progress towards 
continuous flow PHIP polarizer will be described. Finally, in Chapter 8 the results of this 
thesis are summarized and the future prospects will be discussed. 
1.4 Abbreviations 
ALTADENA, Adiabatic Longitudinal Transport After Dissociation Engenders Net 
Alignment; COD, cyclooctadiene; CW, Continuous Wave; dDNP, dissolution DNP; DNP, 
Dynamic Nuclear Polarization; DFT, Density Functional Theory; DPPM, 1,4-
bis(diphenylphosphino)butane; EXAFS, extended X-ray absorption fine structure; HET-
SABRE, heterogeneous SABRE; HF-SABRE, High Field SABRE; hPIP, hydrogenative PHIP; 
IMes, 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidine; IMesOH, 1,3-bis(4-(4-
hydroxymethyl)-1H-1,2,3-triazol-1-yl)-2,6-dimethylphenyl)-1H-imidazol-3-ium; IPr, 1,3-
Bis(2,6-diisopropylphenyl)-2-ylidene; LAC, Level Anti Crossing; LIGHT-SABRE, Low 
Intensity Generation of High Tesla-SABRE; MeCN, acetonitrile; MR, Magnetic Resonance, 
MRI, MR Imaging; mtppms, mono-meta-sulfonated triphenylphosphine; mtppts, meta-tri-
sulfonated triphenylphosphine; mTz, 1-methyl-1,2,3-triazole; NHC, N-Heterocyclic 
Carbene; nhPHIP, non-hydrogenative PHIP; o-H2, ortho-hydrogen; p-H2, para-hydrogen; 
PAAP, Pi Accepting Ability Parameter; PASADENA, Parahydrogen and Synthesis Allow 
Dramatically Enhanced Nuclear Alignment; PHIP, ParaHydrogen Induced Polarization; 
PMAA, poly(methacrylic acid); PTF, Polarization Transfer Field; PPF, PrePolarization 
Field; ptppds, di-para-sulfonated triphenylphosphine; Py, pyridine; SABRE, Signal 
Amplification By Reversible Exchange; SABRE-SHEATH, SABRE in Shield Enables 
Introduction 
33 
Alignment Transfer to Heteronuclei; SEOP, Spin Exchange Optical Pumping; SIMesCh, 1,3-
bis(4-(4-(((2-hydroxyethyl)dimethylammonio)methyl)-1H-1,2,3-triazol-1-yl)-2,6-
dimethylphenyl)-4,5-dihydro-1H-imidazolium; SIMesTrimet, 1,3-bis(2,6-dimethyl-4-4-
((trimethylammonio)methyl)-1H-1,2,3-triazol-1-yl)phenyl-4,5-dihydro-1H-imidazolium; 
SPINOE, spin polarization induced nuclear Overhauser effect; TEP, Tolman Electronic 
Parameter; %Vbur, buried volume; WADA, World Anti-Doping Agency. 
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2.1 Introduction 
The catalyst forms a key element in the SABRE phenomenon, as hyperpolarization is 
achieved by the temporary association of a substrate and p-H2 in the coordination 
sphere of a transition metal.1 Without having any knowledge about the catalytic 
process, one could already think about requirements for the catalyst in terms of 
compatibility with NMR. First of all, the use of a paramagnetic metal catalyst is 
excluded, as it is well known that paramagnetic centers can induce line broadening 
which results in loss of resolution and, even worse, sensitivity.2 Secondly, it is important 
that only a catalytic amount of the catalyst is required. Otherwise NMR signals of the 
complex can overlap and dominate the signals of the substrate of interest. A third 
aspect stems more from a practical point of view, requiring that preferably a robust and 
stable catalyst (precursor) is used, as it will make sample preparation and handling 
easier and reproducible. 
These requirements were already met by Crabtree’s catalyst, which was used in the 
initial discovery and early reports on SABRE.1,3,4 This catalyst, [Ir(PCy3)(Py)(COD)]+[BF4]- 
(PCy3 = tricyclohexylphosphine; Py = pyridine; COD = cyclooctadiene), is a stable 
precursor which forms the active polarization transfer catalyst, fac,cis-
[Ir(H)2(PCy3)(Py)3]+[BF4]-, upon the addition of p-H2 and pyridine.1 Modifying Crabtree’s 
catalyst with various phosphine ligands revealed that electronic and steric effects of the 
ligands play an important role in the signal enhancement that is achieved. For example, 
phosphines that are sterically bulky and have strong electron-donating capacity (e.g. 
PCy3) yielded the highest signal enhancement for pyridine.5 These results demonstrated 
that optimization of SABRE is possible through ligand and catalyst design.  
The group of Duckett also hypothesized that SABRE could yield larger signal 
enhancements by replacing the phosphines with stronger electron-donating N-
heterocylic carbene (NHC) ligands.6 They demonstrated this for the complex 
[Ir(H)2(IMes)(Py)3]+ (IMes = 1,3-bis-(2,4,6-trimethylphenyl)imidazole-2-ylidine), which is 
formed upon addition of pyridine and hydrogen to precursor [Ir(IMes)(COD)Cl] (Scheme 
2.1). This IMes ligand yields the best SABRE catalyst for pyridine reported to date, the 
ortho-pyridine 1H-NMR signal was increased a 360-fold (at 400 MHz) compared to the 
thermal signal.6 Besides these results, the use of NHC ligands has other benefits. The 
catalyst precursors are bench stable and it is known from hydrogenation reactions that 
inactivation of the catalyst and thus loss of activity was much lower compared to 
Crabtree’s catalyst.7 This was the state of play at the time the UltraSense NMR project 
started and we decided to explore the chemical space of these NHC-ligands.  
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Scheme 2.1 General synthesis of precursor [Ir(NHC)(COD)Cl] 1 and activation to complex 2. 
In this chapter we report on the efficiency of various iridium NHC complexes with 
aliphatic and aromatic R groups (Figure 2.1)8,9 as SABRE catalysts.10,11 In order to 
compare the results we quantified the steric8,12,13 and electronic8,14 properties of the 
ligands. 8,12-14 To obtain more detailed information regarding the polarization process, 
we measured the signal enhancement of pyridine and its field dependence for all 
catalysts. In addition, we determined the lifetime of the complexes by measuring the 
dissociation rate of pyridine. We also investigated the effect of different counterions 
and replaced the iridium metal center for rhodium.  
 
Figure 2.1 Ligands used for complex synthesis, compound number, abbreviation, Tolman 
Electronic Parameter (cm-1), δ77Se (ppm, CDCl3), buried volume (%Vbur). 
Quantification of ligand parameters 
The quantification of electron and steric parameters is of practical importance, because 
the size and other properties of the ligands affect the reactivity of the attached metal 
center. In terms of steric properties Tolman’s cone angle is a well-known parameter15 
and turned out to be very useful for simple tertiary phosphine ligands.16 Unfortunately, 
this parameter is less suitable for more complex ligands and therefore a new parameter, 
the buried volume (%Vbur), was developed by Nolan, Cavallo and co-workers.12,13,17 Hereby 
the buried volume refers to the percentage the NHC ligands occupy in a sphere with the 
metal at the center (Figure 2.2a). The electronic properties can be described using the 
Tolman Electronic Parameter (TEP),15 which was originally developed for tertiary 
phosphine ligands. The values for this parameter are derived from the IR spectra of 
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metal complexes of the form of cis-[(L)Ir(CO)2(Cl)].8 The IR stretching frequencies of both 
carbonyl ligands are measured and averaged: the more electron donating the ligand, the 
lower the frequency (range 2050-2100 cm-1). This can be explained by the degree of π-
backbonding of the metal into the empty π*-antibonding orbital on CO. Increased 
electron density at the metal increases this π-backbonding, but weakens the C-O bond 
and thus lowers the νCO (Figure 2.2b). The last parameter was recently defined by Nolan, 
Cavallo and co-workers and is derived from the 77Se chemical shift values of the 
corresponding [Se(NHC)] complexes, which reflect the ability of the NHC ligand to 
accept π-electron density.14 Hereby a higher chemical shift of the 77Se of the selenourea 
complex quantifies the larger ability to accept π-electron density of the NHC ligand.   
Figure 2.2 Schematic representations of the used parameters; A) Buried volume; B) Tolman 
Electronic Parameter; C) π-Accepting ability parameter (PAAP) of Cavallo et al.14 
2.2 Results and discussion 
In a typical SABRE experiment, a solution of pyridine (100 mM) and 10 mol% catalyst (10 
mM) in deuterated methanol was pressurized with 3 bar p-H2 (92.5%) in a 
prepolarization magnet (+10 to –230 Gauss) and subsequently transferred to a 200 MHz 
NMR instrument where the spectrum was recorded in a single scan (more detailed 
information of this process is described in the experimental section). All catalysts were 
screened, except catalysts IPent 11 and IAd 12 (not depicted in Figure 2.1). Catalyst IPent 
11 was synthesized later and was therefore not measured in the initial screening and 
IAd 12 did not sufficiently dissolve in methanol. The signal enhancements (Figure 2.3) 
appeared to be dependent on the prepolarization field (e.g the magnetic field wherein 
the reaction is performed). The maximal signal enhancements were obtained at 
approximately 80 Gauss and varied slightly among the various catalysts. These values 
correspond to a large extent to an early theoretical prediction of the polarization 
transfer process.18 However, deviations may occur as the hyperpolarization transfer also 
depends on the lifetime of the metal complex (e.g. exchange rate of pyridine and p-H2).19 
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Figure 2.3 Signal enhancements of the complexes plotted against the prepolarization field. 
The highest signal enhancement was obtained with IMes 8, giving enhancements up 
to 680 at 200 MHz and a prepolarization field of 70 Gauss, corresponding to a 
polarization value of 1.11%. This complex was also selected by Duckett et al., who 
measured an enhancement factor of 360 at 400 MHz, which corresponds to a 
polarization value of 1.16% and is in reasonable accordance with our result.6 Of the 
other complexes (Figure 2.3), the aromatic ones also perform well, but the signal 
enhancement of the next best catalyst, the saturated analogue SIMes 7, is significantly 
lower (369 at 90 Gauss). Signal enhancements dropped below 100 when the aromatic R-
group of the NHC ligand was replaced with an alkyl group.  
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First, the role of the steric parameter in the polarization process was investigated. 
From Figure 2.4a we can conclude that unsaturated ligands (I, 4, 8, 10), that have less 
steric bulk than their respective saturated analogues (SI, 3, 7, 9), yield higher signal 
enhancements in all cases. Also an optimal buried volume emerges which yields the 
highest signal enhancement. In order to determine the effect of the parameters on the 
exchange rate (koff) of pyridine and thus the lifetime of the complex, selective inversion-
recovery NMR experiments were performed. With this methodology slow chemical 
exchange processes in a range between 10-1 and 10 s-1 can be studied (see Experimental 
section for a complete set of values and errors).20,21 Figure 2.4b reveals that the exchange 
rate increases with the steric bulk. The only exception is the tert-butyl substituted 
ligand 6; closer examination of the sample revealed that in this case only a trace amount 
of active complex is present, because the hydrogenation of cyclooctadiene and 
dissociation of its product are very slow. 
 
Figure 2.4 Signal enhancements (A) and exchange rate of pyridine (B) versus buried volume.  
A higher exchange rate of pyridine for the more bulky ligands indicates that the 
exchange proceeds by a dissociative mechanism, which is in accordance with an earlier 
thermodynamic and DFT study on IMes 8 alone.6 However, the exchange rate is not 
directly proportional to the observed signal enhancement, as shown in Figure 2.5. The 
unsaturated ligands have a slightly slower exchange rate and %Vbur than their saturated 
ligands, but their signal enhancement is higher. The most efficient complex, IMes 8, has 
an exchange rate of 10.4 s-1, which is in reasonable agreement with Duckett et al.(11.7 s-
1).6 On the left side of Figure 2.5 (exchange rates below 5.0 s-1), the alkyl substituted NHCs 
(3–6) are found, which all have signal enhancements below 100; this means that, at 
exchange rates half or less of the optimal value, the signal enhancement drops by an 
order of magnitude or more. On the other hand, SIMes 7 has a five times higher 
exchange rate than IMes 8, while the observed signal enhancement is only half of the 
optimal value. This indicates that a higher exchange rate will only result in a larger 
signal enhancement if the polarization transfer process is fast enough. When the 
exchange rate is too low, insufficient polarization is built up in the solution and decay 
occurs due to relaxation processes. 
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Figure 2.5 Signal enhancements versus exchange rate of pyridine of the various complexes. 
The dependence of the enhancement factor on the electron donating properties of 
the various NHC ligands is shown in Figure 2.6A. Compared to the Tolman Electronic 
Parameter range covered by phosphine-type ligands (~20 cm-1), that of NHC is relatively 
small (less than 3 cm-1). For example the unsaturated ligands IMes 8 and IPr 10 are 
slightly more donating than their saturated counterparts SIMes 7 and SIPr 9, but there is 
almost no difference in electronics between the two substituent pairs (mesityl and 
diisopropylphenyl). Therefore we conclude that electronic effects in terms of TEP in this 
series of NHC ligands do not have a strong influence on the enhancement factor. In 
Figure 2.6B the TEP is plotted against the exchange rate. There is a distinct difference 
between the aromatic and aliphatic R groups, but this is not correlated to the TEP. So 
once more we conclude that electronic effects in terms of electron donating properties 
in this NHC series are relatively weak, and that they do not have a strong influence on 
the exchange rate. 
 
Figure 2.6 Signal enhancement (A) and exchange rate of pyridine (B) versus Tolman Electronic 
Parameter. 
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We started the evaluation of the π-accepting ability parameter (PAAP) by plotting 
the signal enhancement against the corresponding δSe of the ligands.* As with the buried 
volume and TEP, this could not be correlated to the signal enhancement (not shown), 
however, this parameter seems to correlate to a certain extent to the observed 
exchange rates as depicted in Figure 2.5. We stated above that in general a higher steric 
bulk leads to a higher exchange rate (Figure 2.4). While unsaturated ligands (e.g. ImNpr 
4, IMes 8) have slighty less steric bulk than their saturated analogues (e.g. SImNpr 3, 
SIMes 7), these subtle differences do not properly explain the large differences in the 
observed exchange rate; imidazolium derived ligands have exchange rates that are 
approximately 3-5 times larger than those of their saturated counterparts. These 
exchange rates are, however, nicely correlated with the PAAP of the ligands as shown in 
Figure 2.7. Moreover, as noted by Cavallo et al.,14 there is an intriguing difference in δSe in 
the structurally similar unsaturated bis(aryl)NHCs (e.g. IMes 8and IPr 10) and we show 
here that this is reflected in the exchange rate of pyridine.   
 
 
Figure 2.7 Correlation between the exchange rate of pyridine and the π-accepting ability of 
ligands. Data points are labelled with the corresponding %Vbur. 
These examples demonstrate that the PAAP represents the best tool to analyse the 
electronic properties of NHC ligands and contributes in this case to a better 
understanding of the observed reactivity. It should be kept in mind, however, that this 
electronic effect is certainly not the only factor that influences the exchange rate of 
pyridine, and an exception to the general trend can be noted in Figure 2.7. Ligand 
SImNPr 3 has an exchange rate three times faster than its unsaturated counterpart 
ImNPr 4, which is in line with the large difference in PAAP. The low absolute exchange 
 
                                                     
* ItBu 6 is not included here, as its extremely high 77Se chemical shift (δse 183 ppm) was already considered an 
anomaly in the original correlation study of V. C. Vummaleti et al.11  
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rate of SImNPr 3 can probably be attributed to the aliphatic nature of the R group and 
its relatively small buried volume. To illustrate the effect of buried volume further, IPr 
10 was compared to the new IPent 11 catalyst.22 These imidazoliums with 2,6-substituted 
aryl groups exhibit similar δSe values (90 and 101 respectively), but IPent 11 has a 
significantly higher buried volume than IPr 10 (approximately 5% based on the Se 
crystal structure). Based on the general trend (exchange rate Py = 0.12115(δSe) + 
0.00246(δSe)2 + 4.28856, R2 = 0.99863) an exchange rate of 41.6 s-1 is expected for IPent 11, 
but in fact a much higher exchange rate, higher than that of any of the previously 
reported catalysts, was observed, which must be explained by the much larger steric 
bulk (see Section 2.4.10 for details). These two examples illustrate that it is important to 
consider all properties of a ligand at all times.  
Having identified the most efficient SABRE catalyst, the role of the counterion was 
investigated. It is well known that the stability (susceptibility to deactivation and 
moisture) and activity of iridium catalyst in non-polar solvents can be enhanced when 
the coordinating anion (e.g. Cl) is replaced by a non-coordinating anion like BF4 
(tetrafluoroborate) or BArF (tetrakis[3,5-bis(trifluoromethyl)phenyl]borate).23,9 
Therefore two complexes [Ir(SIMes)(Py)(COD)]+[X]- with X = BF4 and BArF were 
synthesized and evaluated with the same hyperpolarization procedure. In our case, 
using a polar protic solvent (methanol), the conventional catalyst still has the best 
performance with a signal enhancement of 369 times. The BF4 and BArF counterion 
analogues gave both lower signal enhancements of 229 and 351 times, respectively. This 
was also reflected in a difference of exchange rates which are slightly lower, 38.9 s-1 (BF4) 
and 41.6 s-1 (BArF), compared to 49.0 s-1 (Cl). Therefore we conclude that changing the 
anion for non-coordination variants has a negative influence on the signal 
enhancements. The obtained results seem to correlate with the decrease in exchange 
rate, but not to the coordinating power of the anion (Cl > BF4 > BArF).  
Finally we also investigated the role of the metal center. Due to their place on the 
periodic table, iridium and rhodium are closely related and it is well known in literature 
that both can catalyze the same reaction in certain cases. Therefore we synthesized the 
IMes, SIMes, IPr and SIPr rhodium analogues and evaluated their performance. 
However, in all cases we did not observe any signal enhancement. Examination of the 
NMR spectra showed that almost no active complex had been formed, even after 
reacting overnight. This observation is in agreement with an earlier study of Buriak and 
co-workers, who compared the activity of exactly the same rhodium and iridium 
complexes for hydrogenation and isomerization reactions.9 We did not further 
investigate these rhodium catalysts because of the obvious higher reactivity of the 
iridium system.  
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2.3 Conclusion 
It is important to have a good understanding of the precise nature of the NHC-metal 
bond as control of the electronic and steric properties of NHC ligands can help in the 
design of significantly more active and selective catalyst systems. In this chapter we 
have synthesized a series of NHC-Iridium complexes for SABRE and by varying the 
properties of the NHC ligands, we have gained more insight into the structural 
requirements for the polarization transfer process. We also investigated the potential of 
the catalysts to hyperpolarize pyridine and their dependence on the prepolarization 
field. The variation in electronic properties, as expressed in the TEP, in this series of 
NHC complexes is relatively small, and there appears to be no correlation with the 
pyridine’s exchange rate or hyperpolarization. With the exception of the slowly 
reacting ItBu 6, the pyridine exchange rate increases with %Vbur, which is consistent 
with a dissociative mechanism for the exchange. IMes 8 has the optimum value for 
exchange rate and %Vbur, resulting in the highest enhancement factor. Comparing every 
unsaturated NHC ligand (I) with its saturated (SI) analogue, the latter is always the 
bulkier, leading to a higher exchange rate, which nevertheless results in a lower 
enhancement factor. However, the observed reactivity could be better described by the 
PAAP. Our experimental results are the first example wherein this new parameter 
proves its value and demonstrates its potential importance in metal-NHC catalyzed 
reactions in general. The parameter marked a better correlation in the remarkable 
difference in activity between the saturated and unsaturated NHC ligands, but also 
between the structurally similar ligands IMes 8 and IPr 10. Although PAAP gives a more 
adequate description, it should be kept in mind that steric effects are also important as 
we have demonstrated in the case of 2,6-substituted aryl ligands. Ligands IPr 10 and 
IPent 11 have similar PAAP values, but steric properties control the observed reactivity. 
We tried to further optimize the catalyst by screening different non-coordinating 
counterions, which are known to have a large influence on the catalyst performance in 
non-polar solvents. In our case, however, this did not lead to an improvement of our 
catalyst, probably because we are performing our experiments in a polar protic solvent. 
Finally we investigated the role of the metal center, by replacing iridium for rhodium. 
The rhodium analogues are not suitable for SABRE, as activation under the used 
reaction conditions did not take place sufficiently. 
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2.5 Experimental 
Abbreviations: COD, cyclooctadiene; DCE, dichloroethane; DCM, dichloromethane; EtOAc, 
ethyl acetate; IAd, 1,3-bis-(1-adamantyl)imidazol-2-ylidene; Icy, 1,3-
bis(cyclohexyl)imidazol-2-ylidene; IMes, 1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-
ylidene; ImNPr, 1,3-bis(isopropyl)imidazol-2-ylidene; IPent, 1,3-bis[2,6-bis(1-
ethylpropyl)phenyl]imidazol-2-ylidene; IPr, 1,3-bis(2,6-di-i-propylphenyl)imidazol-2-
ylidene; ItBu, 1,3-bis(t-butyl)imidazol-2-ylidene; Mes, mesityl; Py, pyridine; SIMes, 1,3-bis-
(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene; SImNPr, 1,3-bis(isopropyl)-4,5-
dihydroimidazol-2-ylidine; SIPr, 1,3-bis-(2,6-di-i-propylphenyl)-4,5-dihydroimidazol-2-
ylidine; (NHC)Cl or (NHC)BF4 refers to the corresponding imidazolinium or imidazolium 
salt. 
2.5.1 General Procedures 
Unless stated otherwise, all experimental procedures were performed under an 
atmosphere of either nitrogen or argon using standard Schlenk line techniques or an 
MBRAUN Unilab glovebox. General solvents for synthetic chemistry were dried using an 
MBRAUN SPS 800 solvent purification system and degassed prior to use. Work-up in the 
fume hood and crystallizations were performed with bench grade solvents (e.g. DCM, 
EtOAc, DCE, pentane). All chemicals were purchased from commercial sources and were 
used as supplied. Retention values (Rf) were determined by thin layer chromatography 
(TLC) on silica gel coated plates (Merck 60 F254) with the indicated solvent mixture. 
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Column chromatography was carried out using silica gel (Across, 0.035-0.070 mm, 60 Å). 
NMR spectra for structure determination were recorded on a Bruker DMX 300 (300 
MHz), a Varian Unity INOVA 400 (400 MHz) or a Bruker Avance 500 MHz machine. 1H 
and 13C NMR spectra were referenced to the residual solvent signals. 77Se NMR spectra 
were referenced internally to (PhSe)2. Chemical shifts are given in parts per million 
(ppm) and coupling constants are reported as J-values in Hertz (Hz). For the assignment 
of the peaks the following abbreviations are used; s = singlet, d = doublet, dd = double 
doublet, t = triplet, q = quartet, spt = septet, m = multiplet, br = broad signal. In the 13C J-
modulated spin echo (JMOD) or Attached Proton Test (ATP) NMR experiment, 
quaternary and CH2 signals are negative and therefore denoted as (-); CH and CH3 signals 
are positive and denoted as (+). High resolution mass spectra were recorded on a JEOL 
AccuTOF (ESI).  
2.5.2 General procedure for the determination of X-ray structures 
A single crystal was mounted in air on a glass fibre. Intensity data were collected at -65 
oC. A Nonius KappaCCD single-crystal diffractometer was used (φ and ω scan mode) 
using graphite monochromated Mo-Kα radiation. Unit cell dimensions were determined 
from the angular setting of 348 reflections. Intensity data were corrected for Lorentz 
and polarization effects. SADABS multiscan correction24 was applied. The structure was 
solved by the program DIRDIF25 and was refined with standard methods using 
SHELXL9726 with anisotropic parameters for the non-hydrogen atoms. All hydrogens 
were placed at calculated positions and were refined riding on the parent atoms. 
2.5.3 Synthetic procedures  
General procedures for [M(NHC)(COD)Cl] (M = Ir, Rh) complex synthesis 
The most popular procedure is the coordination of the isolated or in situ generated free 
carbene (obtained from treatment of the NHC-salt with a strong base) to [M[(COD)(μ-
Cl)]2, for literature examples see R. Savka and H. Plenio and references therein.27  
Method A: to a suspension of the NHC salt (0.50 mmol, 1.0 equiv.) in THF, KOtBu (1.2 
equiv., 1.0 M solution in THF) was added. The mixture was stirred for approximately 10 
minutes till the solution became clear, whereafter the metal dimer [M(COD) (μ-Cl)]2 (0.25 
mmol, 0.5 equiv.) was added. The mixture was stirred at room temperature till 
completion (from 1 h (aromatic substituents) till overnight (alkyl substituents)). Work 
up: silica gel was added and the solvent evaporated. The residue was dry-loaded on a 
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column and run with EtOAc/heptane 1/4. The desired fractions were collected and 
evaporated, whereafter the product was recrystallized with THF/pentane. 
Method B: to a solution of the NHC ligand (0.5 mmol, 212 mg, 1.0 equiv.) in THF (10 mL), 
KHMDS (1.0 mL, 1.0 M solution in THF, 2.0 equiv.) was added. The solution was stirred 
for 10 min and [Ir(COD)(Cl)]2 (0.25 mmol, 0.5 equiv.) was added (as a solid) and the 
mixture was stirred for approximately 30 min. Work up was performed as described in 
Method A.  
Method C: To a solution of the NHC ligand (0.6 mmol, 1.2 equiv.) in THF (5 mL) was 
added KH (1.2 mmol, 2.4 equiv., 30 wt% in mineral oil) and the mixture was stirred for 3 
h. The solution was filtered over Celite (still under Schlenk), the solvent removed and 
the resultant dissolved in benzene (5 mL). [Ir(COD)(Cl)]2 (0.25 mmol, 0.5 equiv.) was also 
dissolved in benzene (5 mL) and added dropwise to the other benzene solution. The 
mixture was stirred overnight showing a yellow precipitate. The solvent was completely 
removed and the residue was run over an EtOAc/heptane 1/4 column. The product was 
obtained by recrystallization from THF/heptane. 
Synthesis of [Ir(SImNPr)(COD)Cl] 3  
According to method A, (SImNPr)BF4 (0.95 mmol, 229 mg) was converted into the product (82%, 
381 mg), that was obtained as a yellow solid (Rf = 0.31). 1H NMR (300 MHz, CDCl3) δ 5.32 (spt, J = 
6.7 Hz, 2H, CH), 4.49-4.47 (m, 2H, CH COD), 3.41-3.49 (m, 4H, CH2-CH2), 2.99-3.00 (m, 2H, CH COD), 
2.16-2.18 (m, 4H, CH2COD), 1.68-1.70 (m, 2H, CH2COD), 1.58-1.60 (m, 2H, CH2COD) 1.25 (d, J = 6.8 Hz, 6H 
CH3), 1.24 (d, J = 6.8 Hz, 6H CH3); 13C NMR (75 MHz,CDCl3) δ 204.7 (N-C-N), 83.7 (CH, CHCOD), 51.4 
(CH, CHCOD), 50.5 (CH2, CH2COD), 41.8 (CH, CH(CH3)2), 33.5 (CH2, NCH2-CH2N),  29.2 (CH2, CH2COD), 21.0 
(CH3, CH(CH3)2), 20.1 (CH3, CH(CH3)2). 
Synthesis of [Ir(ImNPr)(COD)Cl] 4 
According to method A, (ImNPr)BF4 (0.53 mmol, 127 mg) was converted into the product (68%, 
176 mg), that was obtained as a yellow solid (Rf = 0.20). 1H NMR (300 MHz, CDCl3) δ 6.88 (s, 2H, 
NCH=CHN), 5.53 (spt, J = 6.8 Hz, 2H, CH), 4.55-4.57 (m, 2H, CH COD), 2.19-2.24 (m, 4H, CH2COD), 1.59-
1.71 (m, 4H, CH2COD), 1.48 (d, J =  6.8 Hz, 6H CH3), 1.42 (d, J = 6.8 Hz, 6H CH3); 13C NMR (75 
MHz,CDCl3) δ 192.4 (C, N-C-N), 116.4 (CH, NCH=CHN), 83.6 (CH, CHCOD), 52.2 (C, CH(CH3)), 51.0 (CH, 
CHCOD), 33.6 (CH2, CH2COD), 29.5 (CH2, CH2COD), 24.1 (CH3, CH(CH3)2), 23.3 (CH3, CH(CH3)2).  
Synthesis of [Ir(ICy)(COD)Cl] 5 
According to method C, (ICy)BF4 (0.6 mmol, 192 mg) was converted into the product (53%, 151 
mg), that was obtained as a pale yellow solid (Rf=0.35). 1H NMR (300 MHz, CDCl3) δ 6.84 (s, 2H, 
NCH=CHN), 5.14 (tt, J =12.1, 3.7 Hz, 2H, CHCy), 4.54-4.60 (m, 2H, CHCOD), 2.91-2.96 (m, 2H, CHCOD), 
2.16-2.28 (m, 6H, CH2Cy), 2.01 (d, J = 11.2 Hz, 2H, CH2Cy), 1.94 (dd, J = 14.2, 2.1 Hz, 2H, CH2Cy), 1.85 
(dd, J = 13.8, 2.1 Hz, 2H, CH2Cy), 1.78-1.71 (m, 4H, CH2Cy), 1.59-1.69 (m, 4H, CH2COD), 1.43-1.46 (m, 4H, 
Chapter 2 
52 
CH2COD), 1.15-1.38 (m, 4H, CH2Cy); 13C NMR (100 MHz, CDCl3) δ 177.9 (N-C-N), 116.9 (CH, NCH=CHN), 
83.3 (CH, CHCOD), 59.9 (CH, CHCy), 50.7 (CH, CHCOD), 34.3 (CH2, CH2Cy), 34.2 (CH2, CH2Cy), 33.8 (CH2, 
CH2COD), 29.7 (CH2, CH2COD), 26.1 (CH2, CH2Cy), 25.8 (CH2, CH2Cy), 25.4 (CH2, CH2Cy). Spectral data are in 
accordance with reported literature values.8 
Synthesis of [Ir(ItBu)(COD)Cl] 6 
According to method C, (ItBu)BF4 (0.6 mmol, 161 mg) was converted into the product (66%, 145 
mg), that was obtained as a bright yellow solid (Rfb = 0.24). 1H NMR (CDCl3, 300 MHz, δ): 7.14 (s, 
2H, NCH=CHN), 4.52-4.53 (m, 2H, CHCOD), 2.73-2.74 (m, 2H, CHCOD), 2.14-2.27 (m, 4H, CH2COD), 1.98 
(s, 18H, CH3), 1.51-1.55 (m, 2H, CH2COD), 1.33-1.39 (m, 2H, CH2COD); 13C NMR (100 MHz, CDCl3) δ 179.9 
(N-C-N), 119.6 (CH, NCH=CHN), 78.3 (CH, CHcod), 59.7 (C, C(CH3)3), 51.5 (CH, CHCOD), 33.6 (CH3, CH3), 
33.0 (CH2, CH2COD), 29.3 (CH2, CH2COD). Spectral data are in accordance with reported literature 
values.8 
Synthesis of [Ir(SIMes)(COD)Cl] 7 
According to method A, (SIMes)Cl (0.50 mmol, 170 mg) was converted into the product (87%, 250 
mg), that was obtained as a yellow solid (Rf = 0.42). 1H NMR (300 MHz, CDCl3) δ 6.96 (d, J = 10.9 Hz, 
4H, CHAr), 4.08-4.10 (d, J = 2.8 Hz, 2H, CHCOD), 3.86-3.90 (m, 4H, NCH2-CH2N), 3.04-3.09 (m, 2H, 
CHCOD), 2.55 (s, 6H, CH3Mes), 2.35 (s, 6H, CH3Mes), 2.32 (s, 6H, CH3Mes), 1.57-1.68 (m, 4H, CH2COD), 1.22-
1.35 (m, 4H, CH2COD); 13C NMR (100 MHz, CDCl3) δ 207.4 (N-C-N), 138.2 (C, CAr), 138.0 (C, CAr), 136.4 
(C, CAr), 135.4 (C, CAr), 130.0 (CH, CHAr), 128.5 (CH, CHAr), 83.9 (CH, CHCOD), 52.0 (CH, CHCOD), 51.7 
(CH2, NCH2-CH2N), 33.6 (CH2, CH2COD), 28.8 (CH2, CH2COD), 21.2 (CH3, CH3Mes), 20.0 (CH3, CH3Mes), 18.6 
(CH3, CH3Mes). Spectral data are in accordance with reported literature values.8 
Synthesis of [Ir(IMes)(COD)Cl] 8 
According to method A, (IMes)Cl (2,93 mmol, 1.0 g) was converted into the product (96%, 1.80 g), 
that was obtained as a yellow/orange solid (Rf = 0.42). 1H NMR (300 MHz, CDCl3) δ 7.01 (d, J = 13.3 
Hz, 4H, CHMes), 6.96 (s, 2H, NCH=CHN), 4.14-4.16 (m, 2H, CHCOD), 2.94-3.00 (m, 2H, CHCOD), 2.37 (s, 
12H, CH3), 2.17 (s, 6H, CH3), 1.61-1.75 (m, 4H, CH2COD), 1.38-1.21 (m, 4H, CH2COD); 13C NMR (100 MHz, 
CDCl3) δ 180.8 (C, N-C-N), 138.6(C, CMes), 137.3(C, CMes), 136.1 (C, CMes), 134.8 (C, CMes), 129.5 (CH, 
CHMes), 128.1 (CH, CHMes), 123.5 (CH, NCH=CHN), 82.5(CH, CHCOD), 51.4 (CH, CHCOD), 33.5 (CH2, 
CH2COD), 29.2 (CH2, CH2COD), 21.4 (CH3, CH3Mes), 19.9 (CH3, CH3Mes), 18.45 (CH3, CH3Mes). Spectral data 
are in accordance with reported literature values.8 
Synthesis of [Ir(SIpr)(COD)Cl] 9 
According to method A, (SIPr)Cl (0.53 mmol, 226 mg) was converted into the product (83%, 320 
mg), that was obtained as a yellow solid (Rf = 0.61). 1H NMR (300 MHz, CDCl3) δ 7.39 (t, J = 7.7 Hz, 
2H, CHAr), 7.30 (dd, J = 7.7, 1.6 Hz, 2H, CHAr), 7.21 (dd, J = 7.6, 1.6 Hz, 2H, CHAr), 4.15-4.18 (m, 2H, 
CHCOD), 4.01-3.93 (m, 4H, NCH2-CH2N), 3.81-3.90 (m, 2H, CH(CH3)2), 3.25-3.15 (m, 2H, CH(CH3)2), 
2.91-2.93 (m, 2H, CHCOD), 1.57-1.63 (m, 4H, CH2COD), 1.10-1.35 (m, 4H, CH2COD), 1.47 (d, J = 6.6 Hz, 6H, 
CH(CH3)2), 1.39 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.25 (d, J = 6.8 Hz, 6H, CH(CH3)2), 1.20 (d, J = 6.8 Hz, 6H, 
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CH(CH3)2); 13C NMR (100 MHz, CDCl3, 100 MHz) δ 209.3 (N-C-N), 149.1 (C, CAr), 146.1 (C, CAr), 136.6 
(C, CAr), 128.9 (CH, CHAr), 124.8 (CH, CHAr), 123.2 (CH, CHAr), 83.7 (CH, CHCOD), 54.1 (CH, CHCOD), 51.3 
(CH2, NCH2-CH2N), 33.3 (CH2, CH2COD), 28.9 (CH2, CH2COD), 28.7 (CH, CH(CH3)2), 28.4 (CH, CH(CH3)2), 
26.9 (CH3, CH(CH3)2), 24.2 (CH3, CH(CH3)2), 23.2 (CH3, CH(CH3)2), 22.9 (CH3, CH(CH3)2). Spectral data 
are in accordance with reported literature values.8 
Synthesis of [Ir(IPr)(COD)Cl] 10 
According to method A, (IPr)Cl (0.82 mmol, 350 mg) was converted into the product (76%, 451 
mg), that was obtained as a yellow solid (Rf = 0.65). 1H NMR (400 MHz, CDCl3) δ 7.47 (t, J = 7.7 Hz, 
2H, CHAr), 7.26-7.39 (m, 4H, CHAr), 7.02 (s, 2H, NCH=CHN), 4.17-4.22 (m, 2H, CHCOD), 3.35-3.50 (m, 2H 
(CH(CH3)2), 2.86-2.90 (m, 2H, CHCOD), 2.65-2.79 (m, 4H, CH(CH3)2), 1.65-1.74 (m, 4H, CH2COD), 1.49-1.53 
(m, 2H, CH2COD), 1.40-1.43 (m, 12H, CH(CH3)2),1.29-1.36 (m, 2H, CH2COD), 1.10 (d, J = 6.7 Hz, 12H, 
CH(CH3)2); 13C NMR (100 MHz, CDCl3) δ 182.4 (C, N-C-N), 136.2 (C, CAr), 129.7 (C, CAr), 124.3 (CH, 
CHAr), 123.0 (CH, NCH=CHN), 82.8 (CH, CHCOD), 51.4 (CH, CHCOD), 33.5 (CH2, CH2COD), 28.9 (CH2, 
CH2COD), 28.7 (CH2, CH2COD), 26.4 (CH, CH(CH3)2), 22.6 (CH3, CH(CH3)2), 22.3 (CH3, CH(CH3)2). Spectral 
data are in accordance with reported literature values.8 
Synthesis of [Ir(IPent)(COD)Cl] 11 
According to method A, (IPent)Cl (0.42 mmol, 226 mg) was converted into the product (84%, 295 
mg), that was obtained as a yellow/orange solid (Rf = 0.72). 1H NMR (400 MHz, CDCl3,) δ 7.40 (t, J = 
7.8 Hz, 2H), 7.19 (d, J = 7.6 Hz, 4H), 6.96 (s, 2H), 4.14-4.20 (m, 2H), 2.92-2.94 (m, 2H), 2.67 (br. s, 
4H), 1.95 (br. S, 2H), 1.86-1.73 (m, 6H), 1.64-1.58 (m, 2H), 1.48-1.53 (m, 10H), 1.38-1.30 (m, 2H), 
1.11-1.18 (m, 2H), 1.03 (t, J = 7.2 Hz, 12H), 0.74 (t, J = 7.5 Hz, 12H); 13C NMR (100 MHz, CDCl3) δ 
179.7, 137.5, 128.6, 124.9, 124.5, 82.7, 51.4, 41.2, 33.3, 28.8, 28.2, 26.6, 12.6, 10.9 (reported signal at 
144.4 was not observed). Spectral data are in accordance with reported literature values, with 
exception of the previously mentioned signal.22 
Synthesis of [Ir(IAd)(COD)Cl] 12 
According to method B, (IAd)BF4 (0.5 mmol, 212 mg) was converted into the product (68%, 229 
mg), that was obtained as a yellow solid (Rf = 0.55). 1H NMR (300 MHz, CDCl3,) δ 7.20 (s, 2H, 
NCH=CHN), 4.50-4.53 (m, 2H, CHCOD), 2.80 (d, J = 11.4 Hz, 6H, CH2Ad), 2.57 (d, J = 11.8 Hz, 6H, CH2Ad), 
2.28-2.30 (m, 6H, CHAd), 2.14-2.20 (m, 2H, CHCOD), 1.79 (s, 12H, CH2Ad), 1.60-1.53 (m, 4H, CH2COD), 
1.31-1.39(m, 4H, CH2COD); 13C NMR (100 MHz, CDCl3) δ 179.1 (N-C-N), 118.0 (CH, NCH=CHN), 77.2 
(CH, CHCOD), 60.3, (C, CAd), 51.1 (CH, CHCOD), 45.3 (CH2, CH2Ad), 36.1 (CH2, CH2Ad), 33.2 (CH2, CH2COD), 
32.9 (CH2, CH2Ad), 30.3 (CH, CHAd), 29.2 (CH2, CH2COD), 22.9 (CH2, CH2Ad). Spectral data are in 
accordance with reported literature values.8 
Synthesis of [Ir(SIMes)(Py)(COD)]+[BF4]- 
A solution was prepared of [Ir(SIMes)(COD)Cl] (0.35 mmol, 224 mg, 1.0 equiv.) in DCM (10 mL). A 
second solution was prepared with NaBF4 (770 mg, 20.0 equiv.) in distilled water (20 mL). Half of 
the water solution (10 mL) was added to the dichloromethane mixture, shaken for 1 min and 
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subsequently the water layer was removed. The process was repeated for the other half of the 
NaBF4 solution, now in the presence of pyridine (3.0 mmol, 0.24 mL, 8.5 equiv.). Hereafter the 
organic layer was dried with MgSO4, the solvent evaporated and the product (83%, 224 mg) was 
obtained by recrystallization from THF/heptane as an orange solid. 1H NMR (400 MHz, CDCl3) δ 
7.81 (tt, J = 7.7, 1.5 Hz, 1H, CHp-Py), 7.3-7.71 (m, 2H, CHo-Py), 7.31 (ddd, J = 7.7, 5.2, 1.3 Hz, 2H CHm-Py), 
7.07 (s, 2H, CHAr), 6.93 (s, 2H, CHAr), 4.06-3.79 (m, 4H, NCH2-CH2N), 3.80-3.70 (m, 2H, CHCOD), 3.20-
3.11 (m, 2H, CHCOD), 2.45 (s, 6H, CH3Mes), 2.39 (s, 6H, CH3Mes), 1.96 (s, 6H, CH3Mes), 1.92-1.82 (m, 4H, 
CH2COD), 1.63-1.51 (m, 4H, CH2COD); 13C NMR (100 MHz, CDCl3) δ 208.2 (N-C-N), 150.9 (CH, Co-Py), 139.0 
(C, CAr), 138.1 (CH, Cp-Py), 138.1 (C, CAr), 136.3 (C, CAr), 136.0 (C, CAr), 135.7 (CH, Cm-Py), 130.0 (CH, 
CHAr), 129.6 (CH, CHAr), 126.0 (CH, Cm-Py), 83.5 (CH2, CH2COD), 64.9(CH, CHCOD), 52.6 (CH2, NCH2-CH2N), 
32.4 (CH, CHCOD), 29.0 (CH, CHCOD), 21.0 (CH3, CH3Mes), 18.3 (CH3, CH3Mes), 18.2 (CH3, CH3Mes); 19F NMR 
(470 MHz, CDCl3) δ -153.1 (BF4). 
Synthesis of [Ir(SIMes)(Py)(COD)]+[BArF]- 
To a solution of [Ir(SIMes)(COD)Cl] (192 mg, 0.3 mmol, 1.0 eq) in DCM (10 Ml)was added a 
solution NaBArF (0.586 mmol, 520 g, 2.0 eq) in distilled water (10 mL). Pyridine (3.0 mmol, 240 μl, 
10.0 equiv.) was added to this two-layer suspension. The mixture was vigorously shaken and the 
white suspension (water layer) was removed. The organic layer was dried with MgSO4, filtered 
and the solvent was evaporated. The bright orange-red product (419 mg, 95%) was obtained by 
recrystallization from THF/heptane. 1H NMR (300 MHz, CDCl3) δ 7.70-7.71 (m, 8H), 7.68-7.66 (m, 
2H), 7.57-7.54 (m, 1H), 7.52 (br s., 4H), 7.09 - 7.05 (m, 4H), 6.87 (br. s, 2H), 3.92-3.72 (m, 4H), 3.78-
3.79 (m, 2H), 3.09-3.11 (m, 2H) 2.42 (s, 6H), 2.35(s, 6H), 1.87 (s, 6H), 1.79-1.84 (m, 4H), 1.51-1.64 (m, 
4H); 13C NMR (100 MHz, CDCl3) δ 201.2 (N-C-N), 150.9 (CH, Co-Py), 161.7 (q, 1JB-C = 50 Hz), 139.4 (C, 
CAr), 137.4 (CH, Cp-Py), 136.1 (C, CAr), 135.6 (C, CAr), 135.4 (CH, Cm-Py), 130.0 (CH, CHAr), 129.9 (CH, 
CHAr), 128.9 (q, 1JC-F = 31 Hz), 124.5 (q, 2Jc-F = 272 Hz), 117.5 (C, CF3), 125.5 (CH, Cm-Py), 84.0 (CH2, 
CH2COD), 65.5(CH, CHCOD), 52.5 (CH2, NCH2-CH2N), 32.3 (CH, CHCOD), 28.8 (CH, CHCOD), 20.9 (CH3, 
CH3Mes), 18.2 (CH3, CH3Mes), 18.0 (CH3, CH3Mes); 19F NMR (470 MHz, CDCl3) δ -62.4 (BArF). 
Synthesis of [Rh(SIMes)(COD)Cl] 
According to method A, (SIMes)Cl (0.53 mmol, 183 mg) was converted into the product (91%, 268 
mg), that was obtained as a bright yellow solid (Rf = 0.50). 1H NMR (300 MHz, CDCl3) δ 7.02 (br s, 
2H, CHAr), 6.97 (br s, 2H, CHAr), 4.47 (br s, 2H, CHCOD), 3.89-3.81 (m, 4H, NCH2-CH2N), 3.36-3.38 (m, 
2H, CHCOD), 2.60 (s, 6H, CH3), 2.33 (d, J = 7.5 Hz, 12H, CH3), 1.82-1.75 (m, 4H, CH2COD), 1.50-1.54 (m, 
4H, CH2COD); 13C NMR (100 MHz, CDCl3) δ 212.7 (d, JRh-c = 47.6 hz), 138.5, 137.8, 136.5, 135.1, 129.9, 
128.3, 97.2 (d, JRh-C = 7.1 Hz, CHCOD), 67.5 (d, JRh-C = 14.5 Hz, CHCOD), 51.4, 32.6, 28.1, 21.05, 19.9 18.3. 
Spectral data are in accordance with reported literature values.28 
Synthesis of [Rh(IMes)(COD)Cl] 
According to method A, (IMes)Cl (0.53 mmol, 181 mg) was converted into the product (66%, 192 
mg), that was obtained as a pale yellow solid (Rf = 0.55). 1H NMR (300 MHz, CDCl3) δ 7.06 (br s, 2H, 
CH2Ar), 7.01 (br s, 2H, CH2, CHAr), 6.95 (s, 2H, CH=CH), 4.53-4.51 (m, 2H, CHCOD), 3.28-3.30 (m, 2H, 
CHCOD), 2.40 (s, 6H, CH3), 2.38 (s, 6H, CH3), 2.11 (s, 6H, CH3), 1.89-1.81 (m, 4H, 2H, CH2COD), 1.56-1.54 
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(m, 4H, 2H, CH2COD). 13C NMR (300 MHz, CDCl3) δ 183.5 (JRh-c = 52.5 Hz), 138.6, 137.6, 136.2, 134.3, 
129.7, 128.0, 123.5, 96.1 (d, JRh-C = 7.5 Hz, CCOD), 67.8 (d, JRh-C = 14.5 Hz, CCOD), 32.7, 28.4, 21.1, 19.8, 
18.1. Spectral data are in accordance with reported literature values.28 
Synthesis of [Rh(IPr)(COD)Cl] 
According to method A, (IPr)Cl (0.53 mmol, 227 mg) was converted into the product (96%, 325 
mg), that was obtained as an orange/red solid (Rf = 0.56).1H NMR (400 MHz, CDCl3) δ 7.50 (t, J = 7.7 
Hz, 2H, HAr), 7.35(br, 4H, HAr), 7.02 (s, 2H, NCH=CHN), 4.53-4.59 (m, 2H, HCOD), 4.23 (br, 2H, 
CH(CH3)2), 3.21-3.26 (m, 2H, HCOD), 2.45-2.54 (m, 2H, CH(CH3)2), 1.91 – 1.62 (m, 4H, HCOD), 1.54 – 1.20 
(m, 16H, HCOD + Me), 1.09 (d, J = 6.8 Hz, 12H, CH(CH3)2); 13C NMR (100 MHz, CDCl3) δ 186.0 (d, JRh-C = 
52.0 Hz) 136.4, 129.8, 124.6, 124.5, 95.9 (d, JRh-C = 7.6 Hz), 78.7 (d, JRh-C = 13.9 Hz), 67.8 (d, JRh-C = 14.3 
Hz), 32.6, 30.9, 28.8, 28.2, 26.5. Spectral data are in accordance with reported literature values.29 
Synthesis of [Rh(SIPr)(COD)Cl] 
According to method A, (SIPr)Cl (0.53 mmol, 228 mg) was converted into the product (80%, 272 
mg), that was obtained as an orange/red solid (Rf = 0.55). 1H NMR (400 MHz, CDCl3) δ 7.42 (t, J = 
7.6 Hz, 2H, HAr), 7.37 (d, J = 6.8 Hz, 2H, HAr), 7.23 (d, J = 7.1 Hz, 2H, HAr), 4.52 (br s, 2H, HCOD), 4.05 – 
3.95 (m, 4H, NCH2-CH2N), 3.91– 3.86 (m, 2H, CH(CH3)2), 3.28 – 3.22 (m, 2H, HCOD), 3.10 (hep, J = 6.5 
Hz, 2H, CH(CH3)2), 1.78 –1.68 (m, 2H, HCOD), 1.63 – 1.40 (m, 12H, {m, 6H, HCOD + 1.53, d, J = 6.4 Hz, 6H, 
CH(CH3)2}), 1.37 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.23 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.20 (d, J = 6.8 Hz, 6H, 
CH(CH3)2); 13C NMR (125 MHz, CDCl3) δ 215.7 (d, JRh-C = 47.2 Hz, N-C-N), 149.7, 146.1, 136.7, 128.9, 
125.1, 123.2, 96.6 (d, JRh-C = 7.2 Hz, CHCOD), 67.2(d, JRh-C = 14.4 Hz, CHCOD), 53.7, 32.4, 29.07, 28.9, 28.6, 
28.0, 24.3, 23.0. Spectral data are in accordance with reported literature values.27 
General procedure for [Ir(NHC)(CO)2(Cl)] complex synthesis 
Based on a procedure of Kelly III et al.:8 carbon monoxide was gently bubbled through a 
DCM solution (5 mL) of [Ir(NHC)(COD)Cl] (0.18 mmol) for approx. 15 min. A color change 
was observed from bright yellow to very pale yellow. The solvent was removed under 
reduced pressure. The obtained solid was further purified with flash column 
chromatography EtOAc/heptane 1/4.  
Synthesis of [Ir(SImNPr)(CO)2Cl] 
According to the described method, [Ir(SImNPr)(CO)2Cl] (0.20 mmol, 100 mg) was converted into 
the product (50%, 45 mg), that was obtained as a pale yellow solid. 1H NMR (300 MHz, CDCl3) δ 
5.00 (spt, J = 6.8 Hz, 2H, CH), 3.54-3.62 (m, 4H, NCH2-CH2N), 1.23 (dd, J =  6.8 Hz, 1.1 Hz 12H CH3); 13C 
NMR (75 MHz, CDCl3) δ 196.2 (C, N-C-N), 181.8 (C, CO), 168.3(C, CO) 51.3 (C, CH(CH3)), 42.2 (CH2, 
NCH2-CH2N), 20.2 (CH3, CH(CH3)2), 19.9 (CH3, CH(CH3)2). IR νCO (CH2Cl2, cm-1): 1982.72, 2066.29; X-
ray quality crystals were obtained by slow vapor diffusion with DCE/pentane. The structure has 
been deposited in the Cambridge Crystallographic Data Centre: CCDC 945708. 
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Synthesis of [Ir(ImNPr)(CO)2Cl] 
According to the above described method, [Ir(ImNPr)(CO)2Cl] (0.18 mmol, 90 mg) was converted 
into the product (65%, 52 mg), that was obtained as a pale yellow solid. 1H NMR (300 MHz, CDCl3) 
δ 7.04 (s, 2H, NCH=CHN), 5.53 (spt, J = 6.9 Hz, 2H, CH), 1.47 (d, J =  6.8 Hz, 12H CH3), 13C NMR (75 
MHz, CDCl3) δ 181.4  (C, N-C-N), 170.9 (C, CO), 168.1 (C, CO) 117.4 (CH, NCH=CHN), 53.3 (C, 
CH(CH3)), 23.2 (CH3, CH(CH3)2), 23.1 (CH3, CH(CH3)2), IR νCO (CH2Cl2, cm-1) 2065.93, 1982.33; X-ray 
quality crystals were obtained by slow evaporation of a saturated pentane solution. The 
structure has been deposited in the Cambridge Crystallographic Data Centre: CCDC 945707. 
General procedure for the synthesis of [Se(NHC)] complexes 
Safety note: selenium and organoselenium compounds are highly toxic, and should be handled 
with care. The following literature procedure was used;14 the NHC salt (ca. 50 mg, 
weighed accurately), excess selenium (ca. 30 mg, pellets, grinded before use) and a 
stirrer bar were added to a Schlenk tube and purged with nitrogen. Next, dry degassed 
THF (0.75 mL) and KOtBu (1.2 equiv., 1.0 M solution in THF) were added via the septum 
and the resulting suspension was stirred at room temperature overnight. The solvent 
was evaporated and the resulting residue was suspended in DCM (ca. 2 mL) and filtered 
through a pad of Celite. The pad was washed with further DCM (ca. 2 mL). The DCM was 
evaporated and the residue was washed with pentane (3 × ca. 1 mL). 
 
Synthesis of [Se(ImNPr)] 
Following the above described procedure, the product was obtained as an off-white solid in 62% 
yield (30.0 mg). 1H NMR (400 MHz, CDCl3) δ 1.40 (d, J = 6.74 Hz, 12H) 5.30 (spt, J = 6.70 Hz, 2H) 6.92 
(s, 2H); 13C NMR (100 MHz, CDCl3) δ 153.0 (C, N-C-N), 115.3 (CH=CH), 50.4 (CH), 22.0 (CH3); 77Se 
NMR (76 MHz, CDCl3) δ-19.02 (s); HRMS (ESI+) calcd for C9H17N2Se [M+H]+ 233.0557, found 
233.0560. A crystal of X-ray quality was obtained after recrystallization by slow vapor diffusion 
with DCE/pentane. The structure has been deposited in the CDCC database: 1402867. 
 
Synthesis of [Se(SImNPr)] 
Following the above described procedure, the product was obtained as an off-white solid in 71% 
yield (34.0 mg). 1H NMR (400 MHz, CDCl3) δ 1.20 (d, J = 6.79 Hz, 12H), 3.48 (s, 4H) 5.08 (spt, J = 6.70 
Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 178.8 (C, N-C-N), 49.0 (CH), 41.4 (CH2-CH2), 19.4 (CH3); 77Se 
NMR (76 MHz, CDCl3) δ 63.41 (s); HRMS (ESI+) calcd for C9H19N2Se [M+H]+ 235.0714, found 
235.0720. 
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2.5.4 Determination of parameters 
The buried volume, %Vbur, was calculated with SambVca,13 using the crystal structures of 
the [Ir(NHC)(CO)2Cl] complexes.8 The following settings were used: sphere radius 3.5 Å, 
Mesh spacing 0.05, omit H atoms, Bondi radii scaled by 1.17, and the distance from the 
center of the sphere (M-(NHC)) was derived from the X-ray structure. The infrared 
carbonyl stretching frequencies (νCO) of [Ir(NHC)(CO)2Cl] complexes8 were measured on 
a Tensor 27 Bruker FT-IR spectrometer and were used to quantify the modified Tolman 
Electronic Parameter analogue of complexes 3 and 4. The δSe for the π-accepting ability 
parameter were acquired from Vummaleti et al.14 with exception of [Se(ImNPr)] and 
[Se(SImNPr)], which are first reported here. 
2.5.5 Performing SABRE experiments with an automated setup 
A typical NMR experiment was performed by adding 33 µl of a solution of pyridine (100 
mM) and 10% catalyst (10 mM) to a total volume of 4 mL deuterated methanol in a vial. 
Hydrogen was cooled to 36 K in the presence of a conversion catalyst (Fe2O3) in a para-
hydrogen (p-H2) generator from Bruker (BPHG90), resulting in approximately 92.5% p-
H2. Sample polarization and transport was controlled by means of a prototype Bruker 
polarizer (BPHP) in the following steps: The sample (3.1 mL) was pneumatically 
transferred to a mixing chamber in the polarizer which was positioned in a polarizing 
magnet underneath the NMR magnet. The formed para-hydrogen was delivered to the 
mixing chamber and bubbled through the sample at a pressure of 3 bar. The stray field 
underneath the NMR magnet was determined to be -120 Gauss (-12 mT) relative to the 
polarization magnet (resulting in polarization fields ranging from +10 to -230 Gauss). 
The sample was then transferred by a stopped-flow system to a 200 MHz Bruker Avance 
spectrometer, and the spectrum was recorded in a single scan. The sample was then 
transferred back and forth between the polarization magnet and the NMR to record a 
series of 25 measurements at different polarization fields. After a series of 
measurements, an automatic washing process cleaned the polarizer. However, we 
observed that approximately 0.5-1.0 mL of cleaning solvent (protonated methanol) was 
left in the tubing. This amount of solvent is not released before sample charging and is 
therefore mixed with the sample, thus lowering the actual measured concentrations of 
pyridine (~88.7 mM) and catalyst (~8.7 mM). This setup was located at the Institut für 
Technische und Makromolekulare Chemie, RWT Aachen. 
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2.5.6 Production of para-hydrogen 
Initially p-H2 was produced by storing 4 bar of normal hydrogen gas (purity 5.0) at 77 K 
in the presence of activated charcoal (4-8 MESH) for approximately 2 h. The resulting 
51% p-H2 was transferred to a glass bulb with an output-pressure gauge. This system was 
later on replaced with an in-house designed 2 L vessel embedded in a liquid nitrogen 
bath. Normal hydrogen was cooled down to 77 K in the presence of 100 mL of charcoal. 
The resulting 51% p-H2 was transported to an aluminum cylinder (Nitrous Oxides 
Systems, Holley Performance Products, Bowling Green, KY, USA),30 with an adjustable 
output-pressure valve. 
2.5.7 Performing SABRE experiments manually 
NMR spectra were acquired at 298.2 K using a Bruker AVANCEIII 600 MHz spectrometer 
equipped with a cryo-cooled TCI probe. Samples were transferred to 5 mm Wilmad 
quick pressure valve NMR tubes and degassed in three ‘cool’-pump-thaw cycles (cooled 
to 195 K in an acetone/dry ice bath). Hydrogen gas was introduced at 4 bar (glass bulb) 
or 5 bar (cylinder), after which the sample was vigorously shaken for several seconds to 
saturate the solution, allowing the formation of the active species [Ir(NHC)(H)2(Sub)3]+Cl- 
via hydrogenation of the COD ligand of the precursor [Ir(NHC)(COD)Cl]. After full 
activation, monitored by the formation of hydride signals and loss of COD ligand, the 
volume above the solution was evacuated and p-H2 was introduced at a pressure of 4 
(glass bulb) or 5 bar (cylinder). Samples were shaken for 10 seconds at a fixed position in 
the stray field of the spectrometer, resulting in a polarization transfer field (PTF) 
strength of approximately 6.5 mT, and rapidly inserted into the bore after which a 90 rf 
pulse was applied to obtain a SABRE spectrum. Reference spectra for signal 
enhancement determination were recorded 8 min after the SABRE experiment using the 
same NMR parameters as for each SABRE spectra. All manual SABRE experiments were 
performed in the Goudsmit Pavilion of the Radboud University. 
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2.5.8 Calculation of enhancement factors 
The signal enhancement factors were calculated by dividing the signal integrals of the 
hyperpolarized spectrum by those of a thermally equilibrated reference spectrum. 
Experimentally, the same sample as for the SABRE experiment was used to acquire the 
reference spectra. To ensure full relaxation at high magnetic field, the reference spectra 
was collected several minutes after the SABRE measurement. Reference and polarized 
spectra were collected using identical acquisition parameters, in particular, the receiver 
gain. The raw integrals of the relevant resonances in the polarized and unpolarized 
spectra were used to determine the enhancement level.  
2.5.9 Determination of pyridine and dihydrogen exchange rates for 
[Ir(H)2(NHC)(Py)3] complexes 
NMR tubes containing 1 mM catalyst and 10 mM pyridine in deuterated methanol were 
prepared in a glovebox. Air was removed from the NMR tube, and hydrogen gas was 
added to a pressure of 3 bar. The NMR tubes were vigorously shaken before inserting 
them into the NMR spectrometer. The recovery of the ortho-peak of free pyridine (8.53 
ppm) was studied by using a selective inversion-recovery experiment on a 500 MHz 
Varian spectrometer. A series of 20 of such experiments was performed, varying the 
waiting time between the selective 180˚ inversion pulse and the strong 90˚ excitation 
pulse from 1×10-6 to 20 seconds. The integrals of the free and bound ortho-peaks of 
pyridine were extracted from the data, resulting in 40 data points per catalyst. The 
recorded data were fitted to the exchange equation using Origin version 8.5.1. By using 
the previously measured T1 time of free pyridine (25.7 s), pyridine exchange rates could 
be determined for the iridium complexes. During these experiments we observed the 
formation of H-D gas4 and also the deuteration of pyridine especially on the ortho-
position. The values are reported in Table 2.1. 
   
2.5.10 Overview experimental data 
Table 2.1 Overview experimental data.   
No Abbreviation Ligand %VBur νCO(avg)  
(cm-1) 
77 δSe  
(CDCl3) 
Max S.E.  Polarization  
(%) 
PPF (G)  Exchange rate Py (s-1)  a  
  Rate Errorc  
3 SImNPr  28.5 2024.5 63 43 0.07 70 4.5 0.18  
4 ImNPr 
 
26.4 2024.1 -19 72 0.12 110 1.6 0.07  
5 Icy 
 
27.1 2023.0 -22 18 0.03 90 4.3 0.6  
6 ItBu 
 
35.5 2022.3 183 11 0.02 120 3.2 0.4  
7 SIMes 
 
32.7 2024.6 110 369 0.60 90 49 5.6  
8 IMes 
 
31.6 2023.1 27 680 1.11 
1.16d 
70 9.0 
10.2b 
0.31 
0.63 
 
9 SIPr 
 
35.7 2024.9 190 103 0.17 80 116 9  
10 IPr 
 
33.6 2023.9 90 125 0.20 70 34 2.3  
11 IPent 
 
n.d. 2021.7 101 -e n.d. n.d -f  
12 Iad 
 
36.1 2021.6 197 n.d. n.d. n.d. n.d.  
Max. S.E. = Maximal Signal Enhancement, PPF = Prepolarization Field (Gauss); a Measurement at 298 K; b Measurement at 300 K; c Fitting error in 
Origin; d At 400 MHz and 300 K, reported by Duckett et al.;6 e No signal enhancement was observed, indicating that the exchange rate is in this case 
too fast for polarisation transfer to pyridine; f The bound pyridine signal is only observable at low temperatures (<10 oC) indicating a much higher 
exchange rate than that of the other reported catalyst. 
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NMR Data for [Ir(H)2(NHC)(Py)3] complexes in CD3OD at 298 K 
Table 2.2 Chemical shifts of pyridine and hydrides for [Ir(NHC)(H)2(Py)3] complexes in CD3OD.a 
No Abbreviation Ligand Chemical Shiftb 
Ir-H trans-Pyc  cis- Pyc  
ortho para meta ortho para meta 
3 SImNPr 
 
-22.57 8.73 7.92 7.26 c 8.23 7.98 7.25 c 
4 ImNPr 
 
-22.57 8.72 7.90 7.24 c 8.30 7.98 e 
5 Icy 
 
-22.53 8.73 7.93 7.26 d 8.30 7.99 7.19d 
6 ItBu 
 
-22.60 8.17 e e e e e 
7 SIMes 
 
-22.74 8.29 7.75 7.09 7.95 7.64 6.94 
8 IMes 
 
-22.82 8.32 7.75 7.09 8.03 7.65 6.95 
9 SIPr 
 
-22.49 8.16 7.77 e e 7.69 e 
10 IPr 
 
-22.59 8.20 7.73 7.12 d 7.89 7.68 6.98 d 
a At 298 k; b In ppm; c trans-Py = py trans to H, cis-Py = Py cis to H; d Uncertain assignment due to 
overlapping signals; e Assignment not possible due to overlapping signals. Free Py σ 8.53, 7.85, 
7.44. 
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3.1 Introduction 
In Chapter 2 we described our efforts to maximize the nuclear spin hyperpolarization of 
pyridine for SABRE by optimization of the metal complex and prepolarization field 
strength.1 Other groups also performed research along this line and investigated the 
effect of para-hydrogen pressure, prepolarization field, substrate-to-complex ratio, 
catalyst loading and the catalyst itself.2-8 These experiments have, however, generally 
been performed at concentrations in the high millimolar range and employing a large 
excess (>10:1 concentration ratio) of substrate with respect to the metal catalyst. While 
the obtained degree of polarization can be considered impressive in most cases, the 
signal enhancements are not useful from an analytical point of view, as conventional 
NMR is perfectly capable of detection and structure elucidation of substrates in this 
high millimolar regime. We are therefore aiming at developing SABRE for the detection 
of substrates at low micromolar/high nanomolar concentrations, below the current 
limit of detection by NMR. Unfortunately, SABRE experiments on dilute solutions 
revealed that at submillimolar concentrations of substrate and metal catalyst, 
hyperpolarization is strongly reduced.9 This is illustrated in a schematic representation 
of the samples in Figure 3.1. In a conventional experiment using an excess of pyridine 
(15 mM) in the presence of the [Ir(COD)(IMes)Cl] catalyst (1 mM), a signal enhancement 
of 168 × was obtained (spectra not shown, Figure 3.1A). When pyridine is diluted (1 mM) 
while the catalyst concentration (1 mM) is kept the same, no net signal enhancement is 
obtained (Figure 3.1B). A logical approach would be to decrease the catalyst 
concentration as well, thus creating a situation in which an excess of substrate is again 
present. However, when both the catalyst and ligand concentration were reduced, only 
small signal enhancements (~30 ×) were observed, as was also noted by Glöggler et al.10 
(Figure 3.1C). 
 
Figure 3.1 Schematic representation of the sample, A) high concentration of pyridine (15 mM) 
and (1 mM) [Ir(IMes)(COD)Cl]; B) Equal concentrations of pyridine (1 mM) and catalyst (1 mM). 
C) Low concentrations of pyridine (0.25 mM) and catalyst (0.025 mM). Legend:  catalyst,  
pyridine,  methanol.  
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These results can easily be explained. In case B, where the pyridine concentration no 
longer exceeds three times that of the catalyst, there is not sufficient pyridine to occupy 
all three available coordination positions on iridium. The empty coordination positions 
will then be occupied by methanol (the solvent), which hampers the hyperpolarization 
transfer to pyridine. A deactivation mechanism will be discussed in greater detail later 
in Chapters 4 and 5. In case C, where both catalyst and ligand concentration were 
reduced, the probability of pyridine binding to the metal center (determined by the 
association constant of pyridine and catalyst concentration) is low compared to the 
situation at high concentration. Before hyperpolarization transfer can take place, it is 
necessary that all three coordination sites of the metal complex (M) are occupied by the 
substrate (S). Therefore the concentration of active complex [MS3] is directly 
proportional to [S]3 in accordance with equation 3.1 (where K is the equilibrium 
constant): 
[𝑀𝑆3] = 𝐾 × [𝑆]
3 × [𝑀]   (3.1) 
 
Blocking one of the coordination sites will lead to a situation in which the amount of 
active complex decreases with [S]2 instead of [S]3, which is expected to be more 
favorable at low substrate concentrations. It was envisioned that a blockade of the third 
coordination site can be achieved by replacing the coordinating chloride counterion for 
a phosphine ligand (PR3), resulting in a new active complex after activation with 
hydrogen and substrate (pyridine (Py), Scheme 3.1). It is important that the introduced 
phosphine ligand is located trans to the NHC ligand, as hyperpolarization transfer occurs 
mainly in the cis-position (see also Chapter 5). 
 
Scheme 3.1 Synthesis route towards [Ir(H)2(NHC)(PR3)(Py)2]+ complexes. 
We selected the phosphine ligands because of their coordination power and good 
availability. These types of NHC-phosphine iridium complexes were already known to 
show activity in Para-Hydrogen Induced Polarization (PHIP) i.e. hyperpolarization of 
substrates by pair-wise hydrogenation of alkenes with para-hydrogen.11 For this reason 
we were confident that this class of catalysts would also be capable of transferring 
hyperpolarization in SABRE. This chapter describes the synthesis of such NHC-
phosphine iridium complexes, their characterization with single crystal X-ray 
diffraction, and their performance as SABRE catalyst. 
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3.2 Results and discussion 
3.2.1 [Ir(IMe)(PR3)(COD)]+ complexes for SABRE 
3.2.1.1 Synthesis and characterization 
Phosphine ligands with various electronic and steric properties, which are well defined 
and quantified with the Tolman Electronic Parameter (TEP),12 Tolman Cone Angle 
(TCA)13 and/or buried volume (%Vbur), are commercially available (see Appendix for an 
overview).14,15 It is expected that also for this series of [Ir(H)2(NHC)(PR3)(Py)2]+[PF6]- 
complexes a structure-activity relationship1,6 can be established. The addition of a 
phosphine ligand to iridium will add extra steric bulk and electron density to the 
iridium and in order to keep the total steric bulk low, we opted to use the small 1,3-
bis(methyl)imidazol-2-ylidene (IMe) ligand, with [Ir(IMe)(COD)(I)] as catalyst precursor. 
The total steric bulk was determined by analysis of the crystal structure of the 
[Ir(COD)(IMe)(PR3)]+[PF6]- precursor. Literature research1,16,17 showed that the relative 
difference in steric bulk in the complex precursors can be used to evaluate the 
performance of the active complex. Furthermore, it was anticipated that crystallization 
of the active complexes would be difficult due their dynamic nature. 
A first glance at Table 3.1 reveals that variation in phosphine ligands does not have a 
large effect on the Ir-IMe bond length, which is on average 2.038Å ± 0.014. Also the 
iridum-phosphine distances are similar (2.303 Å ± 0.017) with exception of tri(ortho-
Tolyl)phosphine (P(o-Tol)3, 2.360 Å). The elongated distance of P(o-Tol)3 can be 
accounted for by the large buried volume which is significantly higher than that of the 
other phosphine ligands (48.4% versus an average of 26.8%). It is also interesting to note 
that the buried volume is almost equal for P(m-Tol)3/P(p-Tol)3/P(Ph)3, while the TCA is 
much larger for the m-tolyl derivative (165 versus 145 for p-tolyl and phenyl). Besides 
the catalyst precursors in Table 3.1, an attempt was made to synthesize the complexes 
with P(tBu)3 and P(Cy)3, but neither complex was formed, probably due to the strong 
electron donating properties of these ligands. 
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Table 3.1 Overview of [Ir(IMe)(PMe3)(COD)]+  complexes. 
 
 
[Ir(IMe)(PMe3)(COD)]+ [Ir(IMe)(PBu3)(COD)]+  
Distances %Vbur    θ(o) Distances %Vbur    θ(o) 
Ir-CNHC 2.039 25.9 Ir-CNHC 2.048 25.9 
Ir-P      2.295 23.0      118 Ir-P      2.320 26.7      132 
 
 
[Ir(IMe)(PPh3)(COD)]+  [Ir(IMe)(P(o-Tol3)(COD)]+ 
Distances %Vbur    θ(o) Distances %Vbur    θ(o) 
Ir-CNHC 2.028 26.3 Ir-CNHC 2.048 25.9 
Ir-P      2.302 28.3      145 Ir-P      2.360 48.4      194 
Chapter 3 
70 
 
 
[Ir(IMe)(P(m-Tol3)(COD)]+ [Ir(IMe)(P(p-Tol3)(COD)]+ 
Distances %Vbur    θ(o) Distances %Vbur    θ(o) 
Ir-CNHC 2.024 26.1 Ir-CNHC 2.039 25.9 
Ir-P      2.304 28.3      165 Ir-P      2.295 28.0      145 
ORTEP plots of the crystallized complexes (color code: yellow, iridium; green phosphorus, 
blue, nitrogen; grey, carbon; white, hydrogen), ellipsoids are set at 50% probability, 
counterions are omitted for clarity. θ(o) represents the Tolman Cone Angle.  
 
3.2.1.2 Evaluation of high pyridine concentrations 
After synthesis and characterization, all catalysts were investigated for their ability to 
hyperpolarize pyridine. The [Ir(IMe)(COD)(I)] catalyst, without additional phosphine 
ligand, showed little catalyst activation (hydrogenation of COD) and no signal 
enhancement or even binding of pyridine was observed. The phosphine analogues, 
however, show a rather fast formation of the active SABRE complex, as observed by a 
color change from red [Ir(IMe)(PR3)(COD)]+[PF6]- to colorless [Ir(H)2(IMe)(PR3)(Py)2]+[PF6]- 
in a few seconds. Catalyst activation was even faster than for the conventional 
[Ir(IMes)(COD)(Cl)] catalyst, which is in line with observations of Vazquez-Serrano et al.11 
For all catalysts it was observed that two molecules of pyridine are coordinated, while 
splitting of the hydride signal by 31P (JPH ≈ 20 Hz, see Experimental section) showed that 
the phosphine ligands are indeed coordinated. The only exception was [Ir(IMe)(P(o-
tol)3)(COD)]+[PF6]-, in which a color change from red to yellow was observed upon 
addition of pyridine (without the presence of any H2), indicating that phosphine 
dissociation occurred. This catalyst was not further evaluated in the following 
experiments. 
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The performance of this series of catalysts in SABRE was disappointing. Signal 
enhancements at high concentrations (20 mM Py, 1 mM Cat) were found to be around 
0.2 (no actual enhancement but a decrease of signal) for free pyridine, around 1 for 
bound pyridine, and around 5 for the hydride signals. Based on these numbers we 
expected a slow exchange rate for pyridine, which was confirmed using a selective 
inversion recovery NMR experiment. For the [Ir(H)2(IMe)(PPh3)(Py)2]+[PF6]- complex a 
value of 2.2 ± 0.3 s-1 was calculated, an exchange rate that is comparable to those of 
[Ir(H)2(NHC)(Py)3]+[Cl]- (with NHC = ICy, ItBu, ImNpr and SImNPr) having values between 
1.6–4.5 s-1. These catalysts, however, gave rise to significantly higher degrees of 
polarization (between 0.02-0.12% versus 0.0016%).i We also observed that HD formation 
was in the order of 10% after 20 minutes for all NHC-phosphine catalysts, whereas the 
conventional NHC complexes produce significantly less HD gas (approx. 1%).  
3.2.1.3 Evaluation for low pyridine concentrations 
The signal enhancements for the PMe3 complex were generally somewhat better, –2 for 
bound ortho- and para-pyridine signals, and +5 for bound meta-pyridine signals and 
hydrides, whereas free pyridine signals still displayed enhancements below 1. Because 
of this slightly better performance, the low concentration experiments were performed 
with this catalyst. The catalyst concentration was kept constant at 1 mM, while the 
pyridine concentration was decreased from 16.4 to 1.55 and to 0.84 mM. The results of 
the following SABRE experiments have to be handled with care because most 
experiments were performed only once and due to the experimental set up deviations 
of 10-20% can occur (manual set up, see also Experimental section). Nonetheless, these 
experiments led to a number of remarkable observations. First of all it seems that the 
signal enhancement increased, not only for bound but also for free pyridine peaks, 
when the overall pyridine concentration was decreased (Figure 3.2).  
 
 
 
 
                                                     
i These experiments were performed at different magnetic fields (200 MHz NMR for samples measured with 
the automated setup in Aachen, manual experiments performed in Nijmegen were measured at a 500 MHz 
NMR). Therefore the observed signal enhancements are calculated as the obtained degree of polarization for a 
fair comparison.  
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Figure 3.2 Absolute signal enhancement at various pyridine concentrations with 1 mM 
[Ir(IMe)(PMe3)(COD)]+[PF6]- catalyst. Left, free pyridine signals; right, bound pyridine signals and 
hydride signal. 
These observations might suggest that the presence of only two binding sites are 
beneficial at lower pyridine concentrations. We believe, however, that these 
observations are the result from a change in exchange rate of pyridine or hydrogen. 
Because at the same time the signals enhancement of the iridium bound hydrides 
decreased and this might be explained by several scenarios. The lower signal 
enhancement can be caused by an increased exchange rate of hydrogen. At 
concentrations of 1.55 and 0.84 mM, there is not enough pyridine present to fill up the 
two coordination sites of the catalyst (1 mM). This might stimulate binding of a second 
H2 molecule (through its σ-bond) to iridium in addition to the two hydrides, speeding up 
H2 exchange rates and thereby leading to a loss of para-character. For the conventional 
IMes catalyst such an 18 electron species [Ir(H)2(H2)(NHC)(Py)2]+ was suggested by a DFT 
study.2 According to this study the complex can be formed after the active catalytic 
species [Ir(H)2(NHC)(Py)3]+ has lost one pyridine ligand, giving the 16 electron species 
[Ir(H)2(NHC)(Py)2]+. However, this 16 electron complex is most likely competitively 
trapped with methanol resulting in [Ir(H)2(MeOH)(NHC)(Py)2]+.6 The latter complex can 
be observed by NMR for IMes and is a labile catalyst which has a rapid exchange rate 
and consequently low activity for polarization transfer (see also Chapters 4 and 5).9 In 
the present work, a similar species is presumably formed, as a new broad peak 
immediately after hydrogenation appeared at 8.66 ppm and can be assigned to a bound 
ortho-pyridine proton in the suggested [Ir(H)2(MeOH)(IMe)(PMe3)(Py)]+ species. In both 
scenarios the higher exchange rate of H2 also leads to loss of para-character and reduced 
transfer of hyperpolarization, and indeed signal enhancement dropped rapidly in time 
(even after reshaking the NMR tube). This may, however, also be caused by (ir)reversible 
catalyst deactivation through the formation of iridium-hydride dimers or oligomer 
clusters18-20 and is in line with the observation that after 20 min the NMR signals 
corresponding to the active complex [Ir(H)2(IMe)(PMe3)(Py)2]+[PF6]- were reduced in 
intensity.  
Phosphine-NHC complexes of iridium for SABRE at low substrate concentrations 
 73 
3.2.2 [Ir(IMes)(PR3)(COD)]+ complexes for SABRE 
3.2.2.1 Formation of [Ir(IMes(PR3)(COD)]+ complexes 
The choice for IMe as a ligand was based on preliminary results in Chapter 2, in which 
we showed that a maximal signal enhancement of pyridine was obtained at an optimal 
buried volume. The aromatic character of the R groups and π-accepting ability of the 
NHC ligand, however, have turned out to be even more important. Therefore we 
switched to the established [Ir(IMes)(COD)(Cl)] catalyst precursor and investigated its 
combination with various phosphine ligands. It was observed that after adding pyridine 
to a sample containing [Ir(IMes)(PPh3)(COD)]+[PF6]-, phosphine dissociation and pyridine 
association took place, but after hydrogenation, the phosphine coordinated to iridium 
again. This could be deduced from the hydride signal that shifted from –22.83 ppm to –
22.77 ppm and split by coupling to phosphorus (JPH = 18 Hz). The formation of the 
desired active complex was further supported by the observation of binding only two 
pyridine molecules to the catalyst, with different chemical shifts than in the 
conventional [Ir(H)2(IMes)(Py)3]+[Cl]- catalyst (see Appendix for structure validation by 
EXAFS analysis). Therefore we continued this research by simply adding the phosphine 
ligand to the NMR sample prior to the SABRE experiments (Scheme 3.2, right).  
Scheme 3.2 Formation of the active species via two precursors. The active complex was also 
characterized by EXAFS (see Appendix). 
Before evaluating the performance of this type of catalyst for SABRE, a few other 
observations had to be addressed first. The electron donating PMe3 and the sterically 
demanding P(o-Tol)3 ligand did not coordinate to iridium at all. Their bound pyridine 
peaks were located at the same chemical shift as for [Ir(H)2(IMes)(Py)3]+[Cl]- and their 
hydride signals displayed no splitting that could be ascribed to JPH. The electron 
donating PBu3 ligand showed only little coordination to the iridium center so that 
mainly the conventional catalyst was formed as could readily be observed by the 
formation of two sets of hydride and bound pyridine signals.  
These catalysts also show a relatively fast formation of HD gas, approx 10% in 20 
min, which is comparable with the previously discussed [Ir(H)2(IMe)(PR3)(Py)2]+[PF6]- 
complexes. The formation of HD results from a reaction between the deuterated solvent 
and the hydride. In these cases we also observe a second peak 0.05 ppm downfield 
relative to the hydrides due to the formation of a [Ir(H)(D)(IMes)(Py)2]+ species. These 
types of catalysts have also been used for deuterium labelling of a range of 
pharmaceutically relevant heterocycles including N-heteroaromatics,21-23 therefore the 
total pyridine integral (sum of bound and free pyridine peaks) was followed in time. The 
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obtained value remained constant, indicating that under the used reactions conditions 
and time scale of the SABRE experiments, deuteration of pyridine does not occur.  
The enhancement factors calculated for [Ir(IMes)(PPh3)(COD)]+[PF6]- were 
comparable to those of the conventional [Ir(IMes)(COD)(Cl)] catalyst. The exchange 
rates for both catalysts were also calculated to be nearly identical (9.8 ± 0.4 for IMes and 
9.2 ± 0.5 for the phosphine analogue). The other phosphine ligands (P(m-Tol)3, P(p-Tol)3) 
exhibit similar signal enhancements and presumably also exchange rates. 
3.2.2.2 Concentration dependence of [Ir(H)2(IMes)(PPh3)(Py)2]+ in SABRE 
Initial experiments in which we investigated the ratio of [Cat]/[Py] revealed that 
deactivation via the previously described pathways is less pronounced in the situation 
of low catalyst but high pyridine concentrations (ratio 1:15) compared to the inverse 
situation. We did not observe any difference in behavior between 
[Ir(H)2(IMes)(PPh3)(Py)2]+[Cl]- and the conventional [Ir(H)2(IMes)(Py)3]+[Cl]- catalyst. 
Therefore we chose to use a fixed [Cat]:[Py] ratio of approximately 1:15 and compare the 
performance of these catalysts over a broader concentration range (Figure 5.3). It is 
interesting to note that the profile of [Ir(H)2(IMes)(PPh3)(Py)2]+[Cl]- has a more gradual 
decrease when the pyridine concentration is lowered: the [Ir(H)2(IMes)(Py)3]+[Cl]- 
catalyst shows a steep decrease in signal enhancement at the moment the pyridine 
concentration is lowered to below 2 mM. In the next Chapter, this behavior will be 
discussed in more detail. In conclusion, the anticipated advantage of the phosphine 
complex at low substrate and catalyst concentrations was unfortunately only observed 
in a small concentration region (0.1–1.0 mM). 
 
Figure 3.3 Observed signal enhancement based on the ortho-protons of free pyridine at various 
concentrations. Red: [Py]:[Cat] ratio = 15:1 and measured in MeOD-d4. Black: [Py]:[Cat] ratio = 
12.5:1 and measured in MeOH. These values are corrected for the faster relaxation times of 
pyridine in MeOH compared to MeOD-d4.8 
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3.3 Conclusion 
A series of [Ir(IMe)(PR3)(COD)]+[PF6]- complexes were synthesized and proven to be 
inefficient catalysts for SABRE. Although some hyperpolarization was observed, signal 
enhancements seldom exceeded a factor of four for the bound substrate, whereas for 
free substrates, only a signal decrease was observed. We hypothesized that this type of 
catalyst would perform better at low substrate to catalyst ratios and it was observed 
that signal enhancements indeed increased at lower ratios. The absolute signal 
enhancement, however, remained poor compared to that of the conventional 
[Ir(H)2(IMes)(Py)3]+[Cl]- catalyst.  
Next, a series of in situ generated [Ir(H)2(IMes)(PR3)(Py)2]+[Cl]- complexes were 
evaluated for SABRE. The addition of the phosphine did not have a large influence on 
the performance. Signal enhancements and exchange rates were comparable to the 
conventional catalyst without phosphine. Also when [Ir(H)2(IMes)(PR3)(Py)2]+[Cl]- was 
tested at various concentrations while maintaining the same [Cat]:[Py] ratio, the 
performance was similar compared to the conventional catalyst. The only advantage 
these iridium NHC phosphine complexes offer is that activation of the catalyst 
precursor is much faster. A disadvantage is the faster HD gas formation and while 
incorporation of deuterium in pyridine does not take place, this can occur in other 
substrates (see Appendix). In conclusion, although the addition of a phosphine ligand 
does not decrease the catalyst’s applicability for SABRE, it cannot be considered as an 
improvement compared to the conventional [Ir(H)2(IMes)(Py)3]+[Cl]- catalyst.  
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3.5 Experimental section 
Abbreviations: EXAFS, Extended X-ray Absorption Fine Structure; IMe, 1,3-
bis(methyl)imidazol-2-ylidene; IMes, 1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene; 
Mes, mesityl; ORTEP, Oak Ridge Thermal Ellipsoid Plot; PBu3, tributylphosphine; Ph, 
phenyl; PMe3, trimethylphosphine; PPh3, triphenylphosphine; P(o-Tol)3, tri(ortho-
tolyl)phosphine; P(m-Tol)3, tri(meta-tolyl)phosphine; P(p-Tol)3, tri(para-tolyl)phosphine. 
3.5.1 General Procedures 
The general procedures as described in Chapter 2 are also applicable for the work 
performed in this chapter. Crystallographic analyses and SABRE experiments were 
performed as described in Sections 2.4.4 and 2.4.6, respectively. The determination of 
the steric parameters and calculation of signal enhancement factors were performed 
according to the descriptions in Sections 2.4.6 and 2.4.8.  
3.5.2 Synthetic procedures  
Synthesis of [Ir(IMe)(COD)(I)]  
According to a procedure of Vazquez-Serrano et al.:11 [Ir(COD)Cl]2 (75.7 mg, 0.113 mmol) was 
dissolved in ethanol (1.5 mL). A sodium ethoxide solution (1.0 M, 0.45 mL, 4.0 equiv.) was added 
and the mixture was stirred for 5 h at room temperature. Next, IMeI (50.3 mg, 0.225 mmol, 2.0 
equiv.) was added and the mixture was stirred for another 5 h. The solvent was removed in 
vacuo and the resulting residue was redissolved in DCM and filtered through Celite. The product 
was obtained by crystallization from DCM/heptane as yellow crystals (94%, 222 mg). 1H NMR 
(300 MHz, CDCl3) δ 6.83 (s, 2H, NCH=CHN), 4.78-4.76 (m, 2H, CHCOD), 3.87 (s, 6H, CH3), 3.01-2.99 (m, 
2H, CHCOD), 2.05-2.20 (m, 4H, CH2COD), 1.72-1.82 (m, 2H, CH2COD), 1.32-1.42 (m, 2H, CH2COD); 13C NMR 
(75 MHz CDCl3), δ 208.3, 121.8 (+), 82.6 (+), 54.3 (+), 37.3 (+), 32.9 (-), 30.3 (-). Spectral data are in 
agreement with literature.11 
General procedure for the synthesis of [Ir(IMe)(PR3)(COD)]+[PF6]- complexes 
[Ir(IMe)(COD)(I)] was dissolved in THF. Next, AgPF6 (1.0 equiv.) was added and the 
mixture was stirred for 30 min. The suspension was then filtered through Celite (still 
under Schlenk conditions). The desired phosphine (1.0 equiv.) was added resulting in a 
rapid color change from yellow to ruby. The solvent was removed by rotary evaporation 
and the product was obtained by recrystallization from DCM/Et2O as red crystals. All 
products were also characterized by X-ray crystallography.  
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Synthesis of [Ir(IMe)(PMe3)(COD]+[PF6]-  
The product was obtained as red crystals in 70% yield (0.19 mmol). 
1H NMR (CDCl3, 300 MHz) δ 7.10 (s, 2H), 4.31 (br s, 2H), 4.15 (br s, 2H) 3.85 (s, 6H), 2.35-2.20 (m, 
4H), 2.05-2.15 (m, 4H), 1.36 (d, J = 9.2 Hz, 9H). 13C NMR (CDCl3, 100 MHz, JMOD-APT) δ 175.85 (-, d, 
JPC = 11.0Hz), 123.35 (+), 85.72 (+, d, JPC = 12.5 Hz), 75.9 (+), 37.21 (+), 31.53 (-, d, JPC =2.8Hz), 30.87 (-, 
d, JPC = 1.6 Hz), 15.14 (+), 14.80 (+); 31P NMR (CDCl3,162 MHz) δ -19.0 (s, PMe3), -144.3 (qt, J = 712 Hz, 
PF6); HRMS (ESI+) calcd for C16H29N2IrP [M]+ 473.1697, found 473.1688. The crystal structure has 
been deposited in the Cambridge Crystallographic Data Centre and is available free of charge: 
CCDC 1428545.  
Synthesis of [Ir(IMe)(PBu3)(COD)]+[PF6]-  
The product was obtained as red crystals in 92% yield (0.25 mmol). 1H NMR (300 MHz, CDCl3) δ 
7.16 (s, 2H, NCH=HCN), 4.20 (br s, 2H, CHCOD), 4.14 (br s, 2H, CHCOD), 3.84 (s, 6H, NCH3), 1.95-2.33 (m, 
8H, CH2COD), 1.25-1.65 (m, 18H, P(n-Bu)3), 0.91 [t, J = 6.38 Hz 9H, P(n-Bu)3]. 13C NMR (CDCl3, 100 
MHz, JMOD-APT) δ 175.36 (-, d, JPC = 10.4 Hz), 123.6 (+), 84.72 (+, d, JPC = 11.9 Hz), 76.1 (+), 37.2 
(+),31.47(-, d, JPC = 2.6 Hz), 30.73 (-,d, JPC = 1.5 Hz), 26.18 (-,d, JPC = 1.0Hz), 24.35 (-), 24.17 (-, d, JPC = 
2.3 Hz), 23.83 (-), 13.59 (+). 31P NMR (CDCl3, 162 MHz) δ 1.3 (s, PBu3), -144.3 (qt, J = 712 Hz, PF6); 
HRMS (ESI+) calcd for C25H47N2IrP [M]+ 599.3106, found 599.3090. The crystal structure has been 
deposited in the Cambridge Crystallographic Data Centre and is available free of charge: CCDC 
1428543. Spectral data are in accordance with literature.11 
Synthesis of [Ir(IMe)(PPh3)(COD)]+[PF6]-  
The product was obtained as red crystals in 65% yield (0.15 mmol). 1H NMR (300 MHz, CDCl3) δ 
7.10-7.53 (m, 15H, Ar), 6.87 (s, 2H, NCH=HCN), 4.41-4.38 (m, 2H, CHCOD), 3.80-3.78 (m, 2H, CHCOD), 
3.50 (s, 6H, NCH3), 2.20-2.45 (m, 4H, CH2COD), 1.90-2.20 (m, 4H, CH2COD); 13C NMR (100 MHz CDCl3, 
JMOD-APT) δ 174.13 (d, JPC = 10.0 Hz), 134.17 (+, d, JPC = 10.9 Hz) 131.22, (+, d, JPC = 2.4 Hz), 130.62 (-), 
129.95 (-), 128.95 (+, d, JPC = 10.1 Hz), 123.53 (+), 86.19 (+, d, JPC = 12.0Hz), 80.11 (+), 37.15 (+), 31.18 (-
, d, JPC = 1.9 Hz), 30.69 (-, d, JPC = 3.1 Hz); 31P NMR (162 MHz, CDCl3) δ 18.3 (s, PPh3), -144.3 (qt, J = 
712 Hz, PF6); HRMS (ESI+) calcd for C31H35N2IrP [M]+ 659.2167; found, 659.2160. The crystal 
structure has been deposited in the Cambridge Crystallographic Data Centre and is available 
free of charge: CCDC 1428542. Spectral data are in accordance with literature.11 
Synthesis of [Ir(IMe)(P(o-Tol)3)(COD)]+[PF6]-  
The product was obtained as red crystals in 72% yield (0.20 mmol). 1H NMR (300 MHz, DMSO-d6) 
δ 7.43 (s, 2H, NCH=CHN), 7.30-7.33 (m, 6 H, CHAr), 7.13-7.17 (m, 3H, CHAr), 6.60-6.63 (m, 3H, CHAr), 
4.47 (br s, 2H, CHCOD), 4.40 (br s, 2H, NCH3), 3.87 (s, 6H, NCH3), 2.32 (d, J = 1.3 Hz, 9H, CH3Ar), 2.25-
2.38 (m, 4H, CH2COD), 2.04-2.18 (m, 2H, CH2COD);  13C NMR (100 MHz DMSO-d6, JMOD-APT) δ 141.89 
(d, JPC = 26.1 Hz), 133.55 (d, JPC = 10.9 Hz), 132.27 (+), 130.26 (+, d, JPC = 4.4 Hz), 129.02 (+), 126.36 (+), 
123.88 (+), 82.08 (+), 78.92 (+), 36.98 (+), 31.39 (-), 29.59 (-), 20.65 (+, d, JPC = 21.4 Hz); 31P NMR 
(CDCl3, 162 MHz) δ 14.3 (s, P(o-tol3), -144.5 (qt, J = 712 Hz, PF6);  
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HRMS (ESI+) calcd for C34H41N2IrP [M]+ 701.2636, found 701.2621. The crystal structure has been 
deposited in the Cambridge Crystallographic Data Centre and is available free of charge: CCDC 
1428544.  
Synthesis of [Ir(IMe)(P(m-Tol)3)(COD)]+[PF6]-  
The product was obtained as red crystals in 70% yield (0.19 mmol). 1H NMR (CDCl3, 300 MHz) δ 
7.28-7.36 (m, 6H, CHAr), 7.03-7.14 (m, 6H, CHar), 6.90 (s, 2H, NCH=CHN), 4.36-4.33 (m, 2H, CHCOD), 
3.83-3.79 (m, 2H, CHCOD), 3.52 (s, 6H, NCH3), 2.20-2.43 (m, 4H, CH2COD), 2.32 (s, 9H, CH3Ar) 1.96-2.17 
(m, 4H, CH2COD); 13C NMR (CDCl3, 100 MHz, JMOD-APT) δ 174.32 (-, d, JPc = 10.0 Hz), 138.69 (-, d, JPc = 
10.0 Hz), 134.01 (+, d, JPc = 10.9 Hz), 132.02 (+, d, JPc = 2.1 Hz), 130.87 (+, d, JPc = 10.8 Hz), 130.43 (-), 
129.93 (-), 128.64 (+, d, JPc = 10.6 Hz), 123.57 (+), 85.37 (+, d, JPc = 12.0 Hz), 80.02 (+), 37.13 (+), 31.18 (-
, d, JPc = 1.3 Hz), 30.74 (-, d, JPc = 2.9 Hz), 21.61 (+); 31P NMR (CDCl3, 162 MHz) δ 17.8 (s, P(m-tol)3), -
144.3 (qt, J = 712 Hz, PF6); HRMS (ESI+) calcd for C34H41N2IrP [M]+ 701.2637, found 701.2638. The 
crystal structure has been deposited in the Cambridge Crystallographic Data Centre and is 
available free of charge: CCDC 1428546. 
Synthesis of [Ir(IMe)(P(p-Tol)3)(COD)]+[PF6]-  
The product was obtained as red crystals in 62% yield (0.17 mmol). 1H NMR (CDCl3, 300 MHz) δ 
7.10-7.30 (m, 12H CHar), 6.88 (s, 2H, NCH=CHN), 4.32 (br s, 2H, CHCOD), 3.78 (br s, 2H, CHCOD), 3.49 (s, 
6H, NCH3), 2.39 (s, 9H, CH3), 2.20-2.40 (m, 4H, CH2COD), 1.95-2.20 (m, 4H, CH2COD); 13C NMR (CDCl3, 
100 MHz, JMOD-APT) δ 174.47 (d, JPc = 10.1 Hz), 141.62 (-, d, JPc = 2.3 Hz), 133.46 (+, d, JPc = 11.1 Hz), 
129.59 (+, d, JPc = 10.4 Hz), 127.48 (-), 126.78 (-), 123.47 (+), 85.24, (-, d, JPc = 11.9 Hz), 79.82 (+), 37.15 
(+), 31.18 (-, d, JPc = 0.9 Hz), 30.69 (-, d, JPc = 3.0  Hz), 21.38 (+); 31P NMR (CDCl3, 162 MHz) δ 16.5 (s, 
P(p-tol)3, -144.3 (qt, J = 712 Hz, PF6); HRMS (ESI+) calcd for C34H41N2IrP [M]+ 701.2637, found 
701.2629. The crystal structure has been deposited in the Cambridge Crystallographic Data 
Centre and is available free of charge: CCDC 1428547. 
Synthesis of [Ir(IMes)(PPh3)(COD)]+[PF6]-  
Complex precursor [Ir(IMes)(COD)(Cl)] (100 mg, 0.16 mmol) was dissolved in THF (4 mL). Then 
AgPF6 (40 mg, 0.16 mmol, 1.0 equiv.) was added and the mixture was stirred for 30 min. The 
suspension was then filtered through Celite (still under Schlenk conditions). 
Triphenylphosphine (41 mg, 0.16 mmol, 1.0 equiv.) was added resulting in a rapid color change 
from yellow to ruby. The solvent was removed by rotary evaporation and the product was 
obtained by recrystallization from DCM/Et2O as red crystals (122 mg, 77%). 1H NMR (CDCl3, 400 
MHz) δ 7.47 (s, 2H CHMes), 7.46-7.41 (m, 3H, CHPh), 7.33-7.28 (m, 6H, CHPh) 7.15-7.07 (m, 6H, CHPh) 
7.04 (s, 2H, CHMes), 6.65 (s, 2H, NCH=CHN), 4.42-4.35 (m, 2H, CHCOD), 3.37-3.25 (m, 2H, CHCOD), 2.36 
(s, 6H, CH3Mes), 2.12 (s, 6H, CH3Mes), 1.77 (s, 6H, CH3Mes), 1.19-1.70 (m, 8H, CH2COD); 31P NMR (CDCl3, 
162 MHz) δ 17.0 (s, PPh3), 144.3 (qt, J = 712 Hz, PF6). Spectral data is in accordance with 
literature.21 
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Chemical shifts of [Ir(H)2(NHC)(PR3)(Py)2]+ complexes 
 
Table 3.2 Overview chemical shifts of [Ir(H)2(NHC)(PR3)(Py)2]+ complexes. 
 Chemical Shift (δ) 
Complex Pyortho Pypara Pymeta Hydride Hydride JPHb 
[Ir(H)2(IMe)(PMe3)(Py)2]+ 8.84 7.91 7.37 -23.20 20.9 
[Ir(H)2(IMe)(P(Bu)3)(Py)2]+ 8.89 7.91 7.37 -23.44 20.3 
[Ir(H)2(IMe)(P(Ph)3)(Py)2]+ 8.46 7.72 a -22.56 19.7 
[Ir(H)2(IMe)(P(m-tol)3)(Py)2]+ 8.46 7.74 a -22.61 19.6 
[Ir(H)2(IMe)(P(p-tol)(Py)2]+ 8.44 7.73 a -22.65 19.2 
[Ir(H)2(IMes)(P(Ph)3)(Py)2]+ 7.97 7.53 a -22.78 19.4 
a Overlap with phosphine peaks, b J coupling in Hertz (Hz).  
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3.7 Appendix  
3.7.1 Overview of phosphine ligands and properties 
Table 3.A1 Overview of phosphine ligands and their properties 
Phosphine PR3 TCA Θ (⁰) TEP ν (cm-1) 
t-Butyl 182 2036.1 
Cyclohexyl 170 2056.4 
n-Butyl 132 2060.3 
Methyl 118 2064.1 
o-Tolyl 194 2066.6 
m-Tolyl 165 2067.2 
p-Tolyl 145 2068.7 
Phenyl 145 2068.9 
3.7.2 Evaluation of other substrates for SABRE with 
[Ir(H)2(IMes)(PPh3)(S)2)] complexes 
3.7.2.1 Bipyridine as substrate 
In addition to pyridine, 2,2-bipyridine (bpy) was also investigated. When this bidentate 
ligand was added as a substrate, the expected [Ir(bpy)(H)2(IMes)(PPh3)]+ was formed. The 
integral and chemical shift of the hydride signal were as expected (-20.17 ppm, JPH = 17.3 
Hz), but from the bound bpy signals, only the hydrogens on the para-position were 
observed. This indicates that fast deuteration on the meta- and ortho-positions of bpy 
takes place. Furthermore, HD gas formation was very slow (only 7% in 3 days) and also 
no deuteration of the hydride was observed. This indicates that the formed complex is 
very stable and that there is almost no exchange of ligands. As expected, no signal 
enhancements were observed in the SABRE experiment. 
3.7.2.2 Methyltriazole as substrate 
In Chapter 4, 1-methyl-[1,2,3]-triazole (denoted as mTz) was successfully used as a co-
substrate in SABRE. Therefore we also investigated its performance in SABRE with the 
newly developed IMes-PPh3 iridium catalyst. In the SABRE experiments no signal 
enhancements for the free substrate were observed and the bound mTz displayed only 
minor signal enhancements (around 1.5). In contrast, signal enhancements of 
approximately 20 were observed for mTz when the conventional IMes catalyst without 
phosphine was used. Closer examination of the sample showed that over time 
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(approximately 45 min) the CH peak of bound mTz became completely deuterated, while 
the CH3 peak remained unaffected. The integrals of CH and CH3 of the free mTz hardly 
varied with time, suggesting that the exchange of mTz is slow. Furthermore, we 
observed deuteration of the hydride and hydrogen gas, with an IrHD:IrH2 ratio three 
times as high as that of HDgas:H2gas, indicating that there is still exchange of hydrogen 
gas. 
Next, a combination of pyridine and triazole substrate (ratio 1:1) was investigated, 
to study the competition between these substrates. The hydride region of the NMR 
spectrum revealed that 29% [Ir(H)2(IMes)(mTz)2(PPh3)]+ complex and 71% [Ir(H)2(IMes)-
(mTz)(PPh3)(Py)]+ is formed, while there is no [Ir(H)2(IMes)(PPh3)(Py)2]+ complex present. 
The latter observation is underpinned by the DFT calculations described in Chapter 5. 
Deuteration of the hydrides in both complexes was observed to be identical (37% after 
40 min) and faster than the formation of HD gas (23% in the same period). In the same 
time frame, the CH groups of bound mTz (for both formed complexes) were observed to 
be completely deuterated, whereas no such effect was observed for its CH3 protons. The 
mTz free in solution displayed no effect of deuteration at all, indicating that exchange of 
triazole is also slow in the mixed substrate complex. In the SABRE experiments no signal 
enhancements were observed for either free pyridine or free triazole, presumably due 
to the low exchange rates. The bound pyridine and mTz in the 
[Ir(IMes)(PPh3)(Mtz)(Py)(H)2]+ complex did not display any signal enhancements either.  
 
  
Figure 3.A1 Hydride region of the NMR spectrum of [Ir(H)2(IMes)(PPh3)L2]+ (1 mM) in the 
presence of pyridine (10 mM) and mTz (10 mM). Assignment [Ir(H)2(IMes)(mTz)2(PPh3)]+ (d, -
21.53 ppm, JPH=17.8 Hz); [Ir(H)2(IMes)(PPh3)(Mtz)(Py)]+ (dd, -22.02, JPH = 17.8 ,7.1 Hz; dd, -22.57, JPH 
= 17.3 , 7.2 Hz). The small doublets downfield to the main peaks are due to HD (-22.52, -21.98, -
21.45).  
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3.7.3 Structure elucidation of [Ir(IMes)(PPh3)(COD)]+ and 
[Ir(H)2(IMes)(PPh3)(Py)2]+  by Extended X-ray Absorption Fine 
Structure (EXAFS) spectroscopy 
X-ray crystallography is a great tool to obtain structural information of metal 
complexes as we demonstrated in Section 3.2.1, but it can be difficult to obtain a crystal 
of sufficient quality for analysis of the active catalyst due its dynamic nature. As we will 
demonstrate in Chapter 5, EXAFS can be an ideal complimentary technique in these 
situations. Here we present the results of our EXAFS study on [Ir(IMes)(PPh3)(COD)]+ and 
the in situ generated [Ir(H)2(IMes)(PPh3)(Py)2]+ complex (Figure 3.A2). Data were 
collected from a solid and a frozen solution, respectively, according to experimental 
procedures described in Chapter 5. Parameters of the simulations and contributions of 
all ligands are given in Table 3.A2. 
 
Figure 3.A2 Experimental (black) and simulated (red) EXAFS (left panel) and corresponding 
phase-corrected Fourier transforms (right) of solid [Ir(COD)(IMes)(PPh3)]+ (trace B, components: 
black, COD; orange, NHC; cyan PPh3; in trace A) and [Ir(H)2(IMes)(PPh3)(Py)2]+in frozen methanol 
solution (trace C , components: orange, NHC; cyan PPh3, green, Py, purple, H; in trace D). 
Figures 3.A2B and C show that good quality EXAFS data was obtained for both 
samples for a k range up to 14 Å-1. The simulation for solid [Ir(IMes)(PPh3)(COD)]+ started 
from a model based on the crystallographic distances (Table 3.A2, far left), in which 
distances from iridium to equivalent atoms had been averaged (Table 3.A2, middle left), 
and was iteratively refined till a minimum in the fit index was reached (see Chapter 5 
for details of the procedure). In order to allow examination of the simulation in greater 
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detail, Figure 3.A2A depicts the contributions of the different ligands to the simulation 
of Figure 3.A2B. The contributions of the NHC (orange) shells at approximately 2, 3, and 
4 Å are relatively weak, and the agreement with the averaged crystallographic values 
relatively poor (underestimated by 0.03 Å or more), whereas close and remote shells of 
the COD (black) dominate the Fourier transform and the low k (2-8 Å-1) part of the 
EXAFS, and the agreement is reasonable (0.02-3 Å underestimation). The contribution of 
the phosphorus ligand donor atom of the phosphine ligand (cyan) is clearly discernible 
and the distance nicely matched. The shell at approximately 4.5 Å in the Fourier 
transform is both too strong and too remote to be accounted for by the NHC ring atoms, 
and must be ascribed to contributions of the carbon atoms of the phenyl groups of the 
phosphine. Although the quality of the agreement of the simulation with the 
experiment was improved by including such contributions, it has to be noted that there 
is a large spread in the crystallographic distances for the three phenyl groups. It is 
barely justified to take the average distances as a starting point for the EXAFS 
simulation, and it is therefore not surprising that the agreement between the distances 
in the final EXAFS simulation and the crystal structure for the phenyl groups are poor. 
Figure 3.A2D shows the contributions of the different ligands to the simulation of the 
data for the frozen methanol solution of [Ir(H)2(IMes)(PPh3)(Py)2]+ in Figure 3.A2C. The 
NHC and phosphine ligands take up axial positions in the distorted octahedral iridium 
environment in the hydrogenated catalyst which result in a significant shortening of 
the distances compared to the square-planar iridium in the solid. The cis-pyridine 
ligands were treated as described in Chapter 5 for [Ir(H)2(IMes)(Py)3]+ but refine to a 
shorter distance than found there for the cis-pyridine (2.189 Å).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Phosphine-NHC complexes of iridium for SABRE at low substrate concentrations 
 85 
Table 3.A2 Parameters and obtained distances for the simulations in Figure 3.A2. 
 X-ray 
[Ir(IMes)(PPh3)(COD)]+ 
X-ray  
average 
Figure 3.A1 & B 
[Ir(IMes)(PPh3)(COD)]+ 
Figure 3.A1C 
[Ir(H)2(IMes)(PPh3)(Py)2]+ 
Fit index   0.1510 (0.0869) 0.7998 (0.2172) 
EF,  
E (eV) 
  -8.165 
12.813-760.013 
-4.7717 
13.793-745.000 
NHC 
”-C 
”-N 
”-ring C 
”-subs C 
 
2.060 
3.042, 3.162 
4.257, 4.311 
3.391, 3.688 
 
2.060 
3.102 
4.284 
3.534 
 
2.002 (.022) 
3.074 (.007) 
4.234 (.025) 
3.411 (.018) 
 
1.980 (.011) 
3.020 (.021) 
4.173 (.005) 
3.436 (.003) 
PPh3 P 
Ph 
2.368 
3.432, 3.577, 3.728 
4.041, 4.133, 3.480 
4.946, 4.517, 4.756 
5.397, 5.376, 4.807 
6.105, 5.668, 5.787 
6.301, 6.030, 5.821 
2.368 
3.579 
3.884 
4.740 
5.193 
5.583 
6.051 
2.364 (.007) 
3.683 (.015) 
4.456 (.005) 
4.456 (.005) 
5.604 (.014) 
5.604 (.014) 
6.133 (.006) 
2.289 (.005) 
3.558 (.019) 
4.255 (.018) 
4.255 (.018) 
5.465 (.013) 
5.465 (.013) 
6.022 (.007) 
COD 
1st shell 
 
2nd shell 
 
2.179, 2.186, 
2.222, 2.223 
3.038, 3.073,  
3.135, 3.14 
 
2.203 
 
3.099 
 
2.182 (0.15) 
 
3.058 (0.19) 
 
H    1.473 (.025) 
cis-py N 
2nd shell 
3rd shell 
4th shel 
   2.136 (.016) 
3.077 (.010) 
4.342 (.016) 
4.931 (.012) 
*Ir-ligand distances in Å, Debye-Waller factors as 2σ2 in parentheses. 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Chapter 4 Synthesis and evaluation of co-
substrates for a new approach toward nanomolar 
detection with SABRE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter was partly published as:  
Nan Eshuis, Niels Hermkens, Bram J. A. van Weerdenburg, Martin C. Feiters, Floris P. J. T. 
Rutjes Sybren S. Wijmenga, Marco Tessari, Toward Nanomolar Detection by NMR through 
SABRE Hyperpolarization, Journal of the American Chemical Society, 2014, 136, 2695-2698. 
& 
 
Bram J. A. van Weerdenburg, Nan Eshuis, Niels Hermkens, Marco Tessari, Martin C. 
Feiters, Floris P.J.T. Rutjes, SABRE NMR analysis method, WO2016038013 A1, March 17, 
2016. 
Chapter 4 
88 
4.1 Introduction 
Signal Amplification By Reversible Exchange (SABRE) is generally applied at relatively 
high concentrations (mM) with a large excess of substrate with respect to the metal 
complex. In Chapter 3, we investigated iridium NHC-phosphine complexes and showed 
that dilution of various catalytic systems resulted in decrease of signal enhancement 
(Figure 3.1), which precludes the direct application of SABRE to NMR analysis at low (<μM) 
analyte concentration. Here, we will discuss briefly the deactivation processes and show 
that the efficiency of SABRE at low substrate concentrations can be restored by addition 
of an excess of a suitable second coordinating ligand to the solution. Moreover, we will 
describe the synthesis of a series of ligands for use as co-substrates and evaluate their 
performance in SABRE. 
4.1.1 Catalyst deactivation1 
The catalyst deactivation process was investigated in more detail by our collaborators in 
the Biophysical Chemistry group.1 In line with an earlier DFT study2 it was demonstrated 
that loss of pyridine (Py) in active complex 2+ is dissociative in nature and is independent 
of the Py concentration. Upon dissociation a 16 electron [Ir(H)2(IMes)(Py)2([])]+ species is 
formed, which is short lived and can therefore not be characterized.2 Due to sheer mass 
action this vacant spot is almost instantly occupied by a solvent (methanol) molecule, 
resulting in 3+ [Ir(H)2(IMes)(MeOH)(Py)2]+ (Figure 4.1). This complex has a short life span 
and characterization based on the hydride signals is only possible at low temperatures as 
demonstrated by Lloyd et al.3 In a series of different diluted samples with fixed Py-to-1 
ratio (12.5:1), it was assumed that 3+ is the predominant iridium complex when substrate 
concentrations are low and that complex 3+ is not effective in transfer of 
hyperpolarization to the bound Py.1 
 
Figure 4.1 Formation of active complex 2+ and inefficient SABRE complex 3+. 
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This hypothesis was further proven in a series of experiments in which the signal 
enhancement for ortho-Py protons was measured as a function of the Py-to-1 ratio.1 It was 
demonstrated that there is a direct correlation between the decrease in concentration of 
active complex 2+, the increased formation of ineffective catalyst 3+ and the decrease of 
signal enhancement when the Py-to-1 ratio was lowered. Besides the formation of 3+, it 
was also noted that presumably also other inactive complexes are formed (e.g. by 
oligomerization). Moreover, the decrease of signal enhancement at low substrate 
concentrations and Py-to-1 ratio is a general phenomenon, as a similar behavior was 
observed for other [Ir(NHC)(COD)(Cl)] complexes and substrates. 
4.1.2 The co-substrate approach1 
The previously discussed results strongly indicate that formation of inefficient complex 
3+ must be prevented in order to obtain SABRE hyperpolarization at low substrate 
concentrations or at Py-to-1 ratios below the stoichiometry of 3:1. It was envisioned that 
this could be achieved in a so-called co-substrate approach. In this approach a co-
substrate is present in large excess with respect to the complex precursor, so that it can 
prevent solvent binding to the catalyst and the resulting loss of signal enhancement. At 
the same time the co-substrate should bind sufficiently weakly to allow coordination of 
the diluted substrate which is present at low concentrations compared to the catalyst (i.e. 
the binding affinity should be higher than the solvent, but lower or comparable to the 
affinity of the substrate). Additionally, the formed asymmetric complexes 
[Ir(H)2(IMes)(co-substrate)2(substrate)]+ (4+, see also Chapter 5) should display a lifetime 
that allows for efficient polarization transfer to the substrate. The last requisite is that 
the 1H signals of the co-substrate should not overlap with the resonances of the substrate 
of interest. In the next section we will discuss our search for a co-substrate that can fulfil 
these requirements. 
4.2 Results and discussion 
4.2.1 Overview of co-substrates 
Initially several classes of compounds (e.g. ketones, alcohols, amides, acids, nitriles) which 
are in principle all capable of coordinating to the iridium metal center were investigated 
as substrate and/or as a co-substrate in combination with Py. In most cases coordination 
is only weak, resulting in complexes with a short life time and/or inefficient polarization 
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transfer. One of the initial hits was 1,2,3-triazole and it was decided to explore the 
chemical space that this compound class offers. Therefore a series of triazoles with 
different substitution patterns was synthesized and the SABRE properties were evaluated 
(Figure 4.2). 
 
Figure 4.2 Overview of synthesized co-substrates. 
 
First of all it was envisioned that the exchangeable proton of 1-2-3-triazole (Tz) was 
not favorable for SABRE. Recently an alternative mechanism was suggested, however, 
that includes possible transfer of hyperpolarization to other molecules via exchangeable 
protons (see Chapter 1, section 1.2.5.2).4 To eliminate any effect of the exchangeable 
proton, a methyl group was introduced at the 1-position (mTz). In order to examine the 
effect of steric bulk on the 1-position, several other groups were introduced, namely 1-
ethyl-1,2,3-triazole (eTz), 1-((1,3-dioxolan-2-yl)methyl)-4,5-deuterium-1,2,3-triazole 
(diox-dTz), 1-((2-methoxyethoxy)methyl)-4,5-deuterium-1,2,3-triazole (peg-dTz), 1-(4-
methoxybenzyl)4,5,-deuterium-1,2,3-triazole (pmb-dTz) and 1-
((perfluorophenyl)methyl)-4,5-deuterium-1,2,3-triazole (pfb-dTz). Next, the effect of 
substitution on the 4- and 5-positions was investigated by the synthesis of 1,4-dimethyl-
1,2,3-triazole (1,4-dmTz), 1,5-dimethyl-1,2,3-triazole (1,5-dmTz), 1,4,5-trimethyl-1,2,3-
triazole (tmTz) and 1-methyl-1,2,3-benzotriazole (mbTz). We hypothesized that 
replacement of the hydrogen atom on this position will have a large influence on the 
steric interactions between the substrate and co-substrate in the cis-positions of the 
active complex (with regard to the hydrides), and that by this modification the affinity 
and exchange rates can be altered (see also Chapter 5). A disadvantage of mTz is that it 
has still two signals in the aromatic region which can potentially overlap with a substrate 
of interest. Therefore we also synthesized compounds which lack these signals including 
4,5-dibromo-1-methyltriazole (br-mTz) and 1,5-dimethyltetrazole (1,5-dmTTz). 
Furthermore, a small series of compounds was obtained via a click-reaction with in situ 
generated deuterated acetylene gas, resulting in several derivatives with (partly) 
deuterated triazole rings (dTz-series in Figure 4.2).  
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4.2.2 Evaluation of co-substrates 
Methyltriazole (mTz) was identified at an early stage as an excellent co-substrate and was 
able to restore Py hyperpolarization at low concentrations.1 It was demonstrated that 2 
μM Py can be detected by NMR in a single scan. There was also a linear dependence of the 
signal intensity on Py concentration observed when a large excess of co-substrate is 
present and this feature was exploited for quantitative NMR analysis with SABRE(-
derived) experiments (see Chapter 1, section 1.2.5.8).5-8 Due to its unique properties, mTz 
has become our benchmark co-substrate and was therefore investigated in much greater 
detail (see also Chapter 5). The performance of the other co-substrates will be therefore 
compared to mTz. For a fair comparison, a set protocol was used. The experiments were 
set up in such a way that every sample should contain the exact same amount of catalyst, 
Py, and co-substrate at a fixed ratio (full details in experimental section). Before we 
discuss the results, it is important to keep in mind that these experiments only give a first 
impression and that modification of the experimental parameters (e.g. prepolarization 
field, temperature, catalyst, and catalyst:(co)-substrate ratio) can influence the 
performance of the co-substrate. A low signal enhancement in this specific experiment 
does not necessarily mean that the co-substrate is not useful. As depicted in Figure 4.2, a 
small library of co-substrates was synthesized. For each substrate, the signal 
enhancement, exchange rate, and affinity of pyridine for the complex were determined. 
Initially, we also envisioned to determine the H2 exchange rate as well, but unfortunately, 
an accurate calculation was not possible in most cases due to fast HD gas formation.9 The 
performance of the various co-substrates is summarized in the following three figures 
(for an overview of all data, see Experimental section). 
Figure 4.3 gives a clear overview of the performance of the co-substrates in terms of 
signal enhancement. Our benchmark co-substrate mTz is clearly the best in this set of 
experiments. The presence of the exchangeable proton in triazole (Tz) did not have the 
large detrimental effect we expected (entry 2). The introduction of longer linear chains 
on the 1-position led to a decrease of approximately 40% compared to mTz (entries 3 (eTz) 
and 4 (peg-dTz)), while more bulky substituents led to only very small signal 
enhancements (entries 11-13 (diox-dTz, pmb-dTz, pfb-dTz)). The compounds in entries 5 
and 6 (br-mTz, 1,5-dmTTz) do not have any aromatic protons and still performed 
reasonably well. However, closer examination of the hydride region showed much more 
signals than expected. In the case of 1,5-dimethyltetrazole (1,5-dmTTz), this can be 
explained by the fact that there two ways this ligand can bind to the iridium metal center. 
This explanation does not apply to the complexes containing 4,5-dibromo-1-
methyltriazole (br-mTz), and presumably a side reaction, where C-Br bond activation by 
iridium plays a role, can occur. Furthermore, we can conclude that substitution on the 4-
and/or 5-position was not beneficial, since the signal enhancement dropped below 10 
(entries 7-10 (1,5-dmTz, tmTz, mbTz)).  
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Figure 4.3 Graph displaying the signal enhancement of free ortho-proton signals of 2 mM Py in 
the presence of 4 mM 1 and 40 mM of the depicted co-substrate and 5 bar 51% p-H2. Signal 
enhancements are determined with respect to NMR signals measured at thermal equilibrium at 
600 MHz.  
In order to have more insight in the obtained signal enhancements, the exchange rates 
(Figure 4.4) and affinities of Py were determined (Figure 4.5). Unfortunately, when br-
mTz and fbz-dTz were utilized as co-substrate, the exchange rates of Py could not be 
determined due to overlap between the free and bound Py signals. Also the resulting data 
from the inversion recovery experiments with 1,5-dmTTz and pmb-dTz as co-substrate, 
did not give a good fit and therefore showed a large error margin. Despite the fact that 
we did not obtain the exchange rate of Py in all cases, there are a few interesting 
observations. The spread in exchange rates is in general relatively small (between 0.50 
and 0.10 s-1) compared to a change in catalyst (between 1.6 and 116.1 s-1, see Chapter 2). 
This is, however, to be expected since the substrate does not change and all co-substrates 
are triazole derivatives. Secondly, there is no simple correlation between exchange rate 
and the observed signal enhancements (not shown).  
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Figure 4.4 Graph displaying the Koff of Py in the presence of the various co-substrates determined 
by inversion recovery NMR experiments. 
 
In Figure 4.5 the affinity of Py in the presence of various co-substrates and 1 is given by 
(4.1):  
𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦 =  
𝛴𝑃𝑦𝑏𝑜𝑢𝑛𝑑
𝑜𝑟𝑡ℎ𝑜
𝛴𝑃𝑦𝑓𝑟𝑒𝑒
𝑜𝑟𝑡ℎ𝑜   (4.1) 
Again there is no direct correlation with the observed signal enhancements (Figure 4.3) 
or exchange rates (Figure 4.4). However, a one by one comparison while taking both 
affinity and exchange range into account can explain some results.  
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Figure 4.5 Graph displaying the affinity of Py in the presence of the various co-substrates. 
First of all, the signal enhancement of eTz is roughly 40% less compared to mTz, which 
can be completely attributed to the exchange rate, being proportionally slower while the 
affinity is the same. Tz represents an opposite case, the exchange rate is comparable with 
that of mTz, but the affinity is completely different (0.15 versus 0.49), while the drop in 
signal enhancement is only modest (43.8 versus 53.8). In this perspective the data of peg-
dTz are difficult to interpret. The signal enhancement is similar to eTz (27.7 versus 30.2), 
which is not remarkable in view of the structural similarity, but the affinities (peg-
dTz>eTz) and exchange rates (eTz>peg-dTz) are quite different. The trimethyltriazole 
(tmTz) and 1,5-dimethyltetrazole (1,5-dmTTZ) are also interesting, both are relative 
sterically bulky and have a high affinity (3.48 and 2.58, respectively, omitted for clarity in 
Figure 4.5), which means that almost all Py is bound to the catalyst. In Chapter 2, we 
observed that within the investigated range of catalyst, a higher exchange range than the 
optimal value did have less detrimental effect on the signal enhancement compared to a 
slower exchange rate. Again the results obtained here are counterintuitive: dmTTz has 
the highest signal enhancement in spite of a slow exchange rate compared to tmTz. Also 
remarkable is the fact that despite the high affinity, the exchange rates are still in the 
same order of magnitude as the other substrates. Therefore it can be assumed that the 
exchange rates of the co-substrate and hydrogen also make a contribution to the process.  
All deuterated triazoles with bulky side groups on the 1-position (e.g. pmb-dTz, diox-
dTz, fbz-dTz) gave low signal enhancements and it is assumed that this is mainly due to 
the slow exchange rates, but it is also important to note that these compounds have 
different affinities. 
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4.3 Conclusion 
In this Chapter, we demonstrated that SABRE can be successfully applied at low 
micromolar substrate concentrations. Employing SABRE at such low substrate 
concentrations requires the addition of a co-substrate molecule in a higher concentration 
than the catalyst to the solution in order to saturate all coordination spots and avoid 
interference of  solvent molecules. We synthesized a small library of potential co-
substrates and evaluated their performance. While interpretation of the results is 
difficult, it is clear that an optimal combination of exchange rate and affinity is necessary. 
Such an excellent combination was identified only for 1-methyl-triazole (mTz), which 
therefore has become the golden standard in our research. The resulting catalytic system, 
including the [Ir(IMes)(COD)Cl] and [Ir(IPr)(COD)(Cl] catalyst precursors from Chapter, 2 
are an essential prerequisite in the developed quantitative NMR applications of the 
UltraSense NMR project.5-8 
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4.5 Experimental 
Abbreviations: br-mTz, 4,5-dibromo-1-methyltriazole; diox-dTz, 1-((1,3-dioxolan-2-
yl)methyl)-4,5-deuterium-1,2,3-triazole; 1,4-dmTz, 1,4-dimethyl-1,2,3-triazole; 1,5-dmTTz, 
1,5-dimethyltetrazole; 1,5-dmTz, 1,5-dimethyl-1,2,3-triazole eTz, 1-ethyl-1,2,3-triazole; 
mbTz, 1-methyl-1,2,3-benzotriazole; mTz, 1-methyl-1,2,3-triazole, peg-dTz, 1-((2-
methoxyethoxy)methyl)-4,5-deuterium-1,2,3-triazole; PET, petroleum ether; pfb-dTz, 1-
((perfluorophenhyl)methyl)-4,5,-deuterium-1,2,3-triazole; pmb-dTz, 1-(4-methoxy-
benzyl)-4,5,-deuterium-1,2,3-triazole; tmTz, 1,4,5-trimethyl-1,2,3-triazole; Tz, 1H-1,2,3-
triazole.  
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4.5.1 General procedures 
The general procedures described in Chapter 2 are also applicable for the work performed 
in this chapter. 
4.5.2 Synthetic procedures  
General procedure for alkylation of triazoles 
Derived from a patent procedure of Smithkline Beecham Corporation:10 to a solution of 
1,2,3-triazole (1.0 equiv.) in THF were added potassium carbonate (2.0 equiv.) and MeI (1.5 
equiv.). The resulting reaction mixture was stirred overnight at rt. The mixture was 
filtered, washed with a small volume of THF and the filtrate was concentrated to yield the 
product. 
Synthesis of 1-methyl-1,2,3-triazole (mTz) 
According to the general alkylation procedure of triazoles, 1,2,3-triazole (1.68 mL, 29.0 mmol) was 
converted into the product which was obtained as a light yellow oil (1.51 g, 62.8%). 1H NMR (400 
MHz, CDCl3) δ 7.71 (d, J = 0.88 Hz, 1H), 7.54 (d, J = 0.73 Hz, 1H), 4.13 (s, 3H); 13C NMR (75 MHz, CDCl3) 
δ 134.2, 124.4, 36.3. Spectral data are in accordance with reported literature values.10 
Synthesis of 1-ethyl-1,2,3-triazole (eTz) 
According to the general procedure for alkylation of triazoles and replacing MeI for iodoethane, 
1,2,3-triazole (250 mg, 3.62 mmol) was converted into the product (245 mg, 70%). 1H NMR (400 
MHz, CDCl3) δ 7.71 (d, J = 0.9 Hz, 1H), 7.57 (d, J = 0.9 Hz, 1H), 4.46 (q, J = 7.4 Hz, 2H), 1.57 (t, J = 7.4 
Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 133.96, 122.71, 45.25, 15.65. 
Synthesis of 1-methyl-1,2,3-benzotriazole (mbTz) 
According to a procedure of Rajakumar et al.:11 to a stirred solution of benzotriazole (5.0 g, 42.0 
mmol, 1.0 equiv.) in acetonitrile (75 mL) and NaOH-solution (7.5 mL, 8.0 M), was added MeI (3.15 
mL, 50 mmol, 1.2 equiv.) in acetonitrile (7.5 mL). The reaction mixture was stirred for two days, 
evaporated in vacuo and extracted with chloroform (4 × 25 mL), washed with brine (2 × 25 mL), 
dried over MgSO4, evaporated to dryness and further purified by recrystallization with 
benzene/PET, yielding the product as white crystals (3.90 g, 70%). 1H NMR (400 MHz, CDCl3) δ 8.07 
(dt, J = 8.4, 0.9 Hz, 1H), 7.56 - 7.48 (m, 2H), 7.38 (ddd, J = 8.4, 6.0, 2.0 Hz, 1H), 4.32 (s, 3H); 13C NMR 
(75 MHz, MeOD) δ 146.6, 133.1, 128.9, 125.8, 119.9, 111.4, 34.8. Spectral data are in accordance with 
literature values.11  
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Synthesis of 1,5-dimethyl-1,2,3-triazole (1,5-dmTz) 
According to a procedure of Kawasaki et al.:12 A 1.6 M solution of n-BuLi in hexane (0.75 mL, 1.2 
mmol, 1.2 equiv.) was added drop wise at -40 oC to a solution of 1-methyl-1,2,3-triazole (1.0 mmol) 
in THF (5 mL), and the mixture was stirred for 2 h. Next, MeI (1.2 mmol, 1.2 equiv.) was added at 
-40 oC, and the mixture was stirred overnight at rt. Water (5 mL) was added, and THF was 
evaporated in vacuo. The aqueous residue was extracted with EtOAc (2 × 5 mL), and the organic 
layer was dried (MgSO4). Evaporation of the solvent gave a brownish solid residue, which was 
purified by column chromatography (EtOAC) to yield the product as yellow oil (430 mg, 49%). 1H 
NMR (400 MHz, CDCl3) δ 7.45 (s, 1H), 3.96 (s, 3H), 2.31 (d, J = 0.88 Hz, 3H); 13C NMR (100 MHz, CDCl3) 
δ 132.9, 132.7, 34.3, 8.5. Spectral data are in accordance with literature values.12 
Synthesis of N'-[2,2-dichloro-1-methylethylidene]-4-methylbenzenesulfonohydrazide 
According to a procedure of van Berkel et al.:13 to a suspension of p-toluenesulfonyl hydrazide (6.7 
g, 36 mmol) in propionic acid (30 mL) was added 1,1-dichloroacetone (5.0 g, 39 mmol) and the 
resulting mixture was stirred at room temperature for 4 h. The precipitate was collected by 
filtration, washed with cyclohexane and dried under reduced pressure to yield the 
tosylhydrazone as a white solid (9.79 g, 92%). 1H-NMR (400 MHz, DMSO-d6)  11.87 (br. s, 1H, NH), 
9.18 (s, 1H, CH), 7.79 (d, J = 8.3 Hz, 2H, ArH), 7.43 (dd, J = 8.6, 0.6 Hz, 2H, ArH), 2.38 (s, 3H, CH3), 1.83 
(s, 3H, CH3); 13C-NMR (75 MHz, DMSO-d6)  190.9, 151.3, 144.1, 135.6 129.8, 127.4, 21.1, 9.5. Spectral 
data are in accordance with literature values.13  
Synthesis of 1,4-dimethyl-1,2,3-triazole (1,4-dmTz) 
According to a patent procedure of Smithkline Beecham Corporation:10 a solution of methylamine 
(25.4 mL, 50.8 mmol, 2.0 M in MeOH) was added dropwise to a suspension of N'-[2,2-dichloro-1-
methylethylidene]-4-methylbenzenesulfonohydrazide (3.0 g, 10.16 mmol) in MeOH (10 mL) at 0 
°C. The resulting dark brown reaction mixture was stirred at 0 °C for 2 h, evaporated, and the 
solid was filtered and rinsed with EtOAc. The filtrate was concentrated and the crude was purified 
with column chromatography (EtOAc/heptane, 1/3) to yield the product as a brown liquid (541 
mg, 52%). 1H NMR (300 MHz, CDCl3) δ 7.26 (d, J = 0.5 Hz, 1H), 4.05 (s, 3H), 2.35 (d, J = 0.8 Hz, 3H); 13C 
NMR (75 MHz, CDCl3) δ 143.8, 118.3, 36.6, 10.9. Spectral data are in accordance with literature 
values.10 
Synthesis of 1,4,5-trimethyl-1,2,3-triazole (tmTz) 
The same experimental procedure as for 1,5-dimethyl-1,2,3-triazole was used in which the 
starting material 1,5-dimethyl-1,2,3-triazole (194 mg, 2.0 mmol) was converted into the desired 
product (107 mg, 48%). 1H NMR (400 MHz, CDCl3) δ 3.91 (s, 3H), 2.26 (s, 3H), 2.21 (s, 3H). 13C NMR 
(100 MHz, MeOD) δ 141.5, 132.1, 35.1, 10.1, 7.6. Spectral data are in accordance with literature 
values.14 
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Synthesis of 1,5-dimethyltetrazole (1,5-dmTTz) 
According to the general procedure for alkylation of triazoles, 5-methyltetrazole (10.0 g, 119 
mmol) was converted in a mixture of 1,5-dimethyltetrazole and 2,5-dimethyltetrazole (ratio 
1:0.3). The desired 1,5-dimethyltetrazole was obtained by selective crystallization. The crude 
reaction mixture (4.45 g, 38%) was dissolved in a minimal volume of warm toluene and slowly 
cooled down to 4 oC. The product was obtained after filtration as slightly yellow needles (2.52 g, 
19%). 1H NMR (400 MHz, CDCl3) δ 4.01 (s, 3H), 2.57 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 151.7, 33.3, 
8.7.  Spectral data are in accordance with literature values.15 
Synthesis of of 4,5-dibromo-1,2,3-triazole 
According to a procedure of Iddon et al.:16 bromine (2.0 mL, 39.1 mmol, 1.35 equiv.) was added 
dropwise to a stirred solution of 1,2,3-triazole (2.0 g, 29.0 mmol) in water (12 mL) warmed to 40-
45 oC and the resulting solution was stirred for a further 1 h. The precipitate was filtered off and 
further bromine (1.3 mL) was added to the filtrate, then it was kept at rt overnight, after which a 
second crop of product had precipitated. The combined amounts of product were washed with 
water (3 × 10 mL), dried and recrystallized from aqueous methanol to give 4,5-dibromo-1,2,3-
triazole (5.19 g, 79%). 1H NMR (400 MHz, MeOD-d4): No signal observed; 13C NMR (100 MHz, MeOD-
d4) δ 125.1. 
Synthesis of 4,5-dibromo-1-methyl-1,2,3-triazole (br-mTz) 
According to the general alkylation procedure for triazoles, 1,2,3-triazole (400 mg, 1.76 mmol) 
was converted into two compounds. After the reaction mixture was concentrated in vacuo, the 
crude was purified by silica gel chromatography (EtOAc/hexane, 1/4) yielding 4,5-dibromo-2-
methyl-2H-1,2,3-triazole (138 mg, 33%, Rf = 0.58, white solid) and 4,5-dibromo-1-methyl-1H-1,2,3-
triazole (183 mg, 43%, Rf = 0.27, white solid). 4,5-Dibromo-2-methyl-2H-1,2,3-triazole: 1H-NMR (400 
MHz, CDCl3)  4.18 (s, 3H); 13C-NMR (75 MHz, CDCl3)  124.4, 43.2. 4,5-Dibromo-1-methyl-1H-1,2,3-
triazole: 1H-NMR (400 MHz, CDCl3)  4.09 (s, 3H); 13C-NMR (75 MHz, CDCl3)  122.9, 113.1, 37.1. 
Spectral data are in accordance with literature.17 
General procedure for click reactions with in situ generated deuterated acetylene 
gas 
Safety note: perform these reactions with caution! Heated tubes under pressure might explode! The 
used glassware was not guaranteed against breakage caused by pressure (or vacuum) and should 
never be used if scratched or otherwise damaged.  
According to a procedure of Gonda et al.:18 copper(I)iodide (4.2 mg, 0.022 mmol, 5 mol%) 
and calcium carbide (0.22-0.23 g, technical grade, ≥75% CaC2 content, min 2.6 mmol) were 
measured into a 21 mL screw neck glass vial (Ace Glass, 8648-43) equipped with a magnetic 
stir bar. Triethylamine (335 μl, 2.40 mmol) and then sodium azide (0.44 mmol) were added 
to the vial. Finally heavy water (170 μl, 9.35 mmol, 99.9% deuterium content) was added 
quickly and the vial was tightly closed using a cap with inner septum. The vial was placed 
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into a preheated aluminum block and stirred for the indicated time at 55 oC. The vial was 
then removed from the heating block, allowed to cool to ambient temperature and 
carefully opened to release excess of acetylene gas. The resulting slurry was mixed with 
aqueous hydrochloric acid (2 mL, 2.0 M) and thoroughly extracted with EtOAC (3 × 3 mL). 
The organic layer was dried over MgSO4 and concentrated. The residue was purified by 
flash column chromatography (EtOAc/heptane, 1/4) to obtained the desired triazole. 
Reactions on a larger scale were performed in a home-made stainless steel autoclave 
reactor. Remarks: the click-reactions yielded a mixture of the desired 4,5-dideutero 
triazoles along with the monodeuterated isomers and traces of the hydrogen adduct. In 
general the total deuterium incorporation was in the range of 90-95%, which can be 
attributed to the kinetic isotope effect according to Gonda et al.18 Deuterium incorporation 
into the triazole ring was calculated based on the residual peaks in the 1H NMR spectra. 
The two triazole carbon signals of the deuterated products in the 13C NMR spectra were 
not detectable due to the increased relaxation time caused by the deuterium atoms 
attached to the aforementioned carbons.  
Synthesis of 2-(2-methoxyethoxy)ethyl tosylate 
According to patent procedure of Chugai Pharmaceutical Corporation:19 to a solution of 
diethylene glycol monomethyl ether (6.0 g, 49.8 mmol, 1.0 equiv.) in pyridine (70 mL) was added 
p-toluenesulfonyl chloride (11.4 g, 59.8 mmol, 1.2 equiv.) at 0° C, which was then stirred at rt for 
2 h. Next, water was added and the mixture was extracted with diethyl ether. The extracted 
organic layer was washed with 0.5 M HCl, water and brine, and dried over MgSO4. The organic 
solvent was removed under reduced pressure to give the desired product as a yellow oil (12.7 g, 
93%). The compound was used in the next reaction without further purification. 1H-NMR (300 
MHz, CDCl3)  7.80 (m, 2H), 7.34 (m, 2H), 4.19 (m, 2H), 3.69 (m, 2H), 3.58 (m, 2H), 3.48 (m, 2H), 3.35 
(s), 2.45 (s). Spectral data are in accordance with literature.19 
Synthesis of 2-(2-methoxyethoxy)ethyl azide 
According to an adapted procedure of Sun et al:20 nitrogen was bubbled through a solution of 2-
(2-methoxyethoxy)ethyl tosylate (5.00 g, 18.2 mmol, 1.0 equiv.) in DMF (30 mL) during 10 min. 
Next, sodium azide (1.80 g, 27.3 mmol, 1.5 equiv.) was added and then the mixture was stirred 
over night at 50 oC under a nitrogen atmosphere. Subsequently, the mixture was diluted with 
water (300 mL) and extracted with diethyl ether multiple times. The combined organic phases 
were washed with water, dried over MgSO4, filtered and concentrated to yield the desired azide 
as an oil (2.50 g, 96%). 1H-NMR (300 MHz, CDCl3)  3.69-3.65 (m, 4H), 3.58-3.56 (m, 2H), 3.41 (t, J = 
5.3 Hz, 2H), 3.40 (s, 3H). Spectral data are in accordance with literature.20 
Synthesis of 1-((2-methoxyethoxy)methyl)-4,5-deuterium-1,2,3-triazole (peg-dTz) 
According to the general procedure for the click-reaction with in situ generated deuterated 
acetylene gas, 2-(2-methoxyethoxy)ethyl azide (1.0 g, 6.89 mmol) was converted into the product 
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which was obtained after column chromatography (EtOAc/heptane, 1/4) as a colorless oil (0.90 g, 
75%).  1H NMR (400 MHz, CDCl3)  7.75 (s, 0.24 H, 76% D), 7.69 (s, 0.08 H, 92% D), 4.59 (t, J = 5.0 Hz, 
2H), 3.88 (t, J = 5.0 Hz, 2H), 3.60 (m, 2H), 3.51 (m, 2H), 3.37 (s, 3H); 13C NMR (100 MHz, CDCl3)  71.7, 
70.5, 69.6, 59.0, 50.0; HRMS (ESI+) calcd for HRMS (ESI+) calcd for C7H11D2N3O2 [M-H]+ 174.1212, 
found 174.1208. 
Synthesis of 2-(azidomethyl)-1,3-dioxolane 
According to an adapted procedure of Wu et al.:21 a mixture of sodium azide (1.6 g, 24.0 mmol, 2.0 
eq) and 2-bromomethyl-1,3-dioxolane (2.0 g, 12 mmol, 1.0 equiv.) were dissolved in DMSO (20 mL) 
and was heated to 100 oC for 1 h. The mixture was then cooled down to room temperature and 
poured in to an ice-water mixture (40 mL). The mixture was extracted with DCM. The organic 
layer was washed subsequently with water and brine, dried over MgSO4 and evaporated to give 
the desired azide (1.48 g, 95%). 1H-NMR (400 MHz, CDCl3)  5.11 (t, J = 3.5 Hz, 1H), 4.15-4.05 (m, 2H), 
4.02-3.91 (m, 2H), 3.35 (d, J = 3.5 Hz, 2H); 13C-NMR (75 MHz, CDCl3)  102.3, 65.5, 52.6. Spectral data 
are in accordance with literature.21 
 
Synthesis of 1-((1,3-dioxolan-2-yl)methyl)-4,5-deuterium-1,2,3-triazole (diox-dTz) 
According to the general procedure for the click reaction with in situ generated deuterated 
acetylene gas, 2-(azidomethyl)-1,3,-dioxolane (171 mg, 1.32 mmol) was converted into the 
product which was obtained after column chromatography (EtOAc/heptane 1/4) as a colorless oil 
(157 mg, 75%).1H-NMR (400 MHz, CDCl3) δ 7.72 (s, 0.02 H, 98% D), 7.71 (s, 0.04 H, 96% D), 5.24 (t, J = 
3.6 Hz, 1H), 4.59 (d, J = 3.6 Hz, 2H), 3.93-3.84 (m, 4H); 13C-NMR (75 MHz, CDCl3)  101.0, 65.4, 52.3; 
HRMS (ESI+) calcd for HRMS (ESI+) calcd for C6H7D2N3O2 [M-H]+ 158.0890, found 158.0902. 
Synthesis of 1-(azidomethyl)-4-methoxybenzene 
According to a procedure of Wainwright et al.:22 thionyl chloride (3.67 mL, 50.3 mmol, 1.25 equiv.) 
was added to a solution of 4-methoxybenzyl alcohol (5.0 mL, 40.3 mmol, 1.0 equiv) in DMF (35 mL) 
and was stirred for 2 h to convert the alcohol into the benzyl chloride. Next sodium azide (2.88 g, 
44.3 mmol, 1.0 equiv.) was added and the mixture was stirred for 4 h at 65 oC. Next the reaction 
mixture was diluted with water, extracted with ether. The combined organic layers were washed 
with brine and dried with MgSO4. After evaporation the azide (6.00 g, 91%) was obtained. 1H NMR 
(400 MHz, CDCl3)  7.24 (m, 2H), 6.91 (m. 2H), 4.27 (s, 2H), 3.82 (s, 3H); 13C NMR (75 MHz, CDCl3)  
159.6, 129.7, 127.4, 114.2, 55.3, 54.4. Spectral data are in accordance with literature.22 
Synthesis of 1-(4-methoxybenzyl)-4,5-deuterium-1,2,3-triazole (pmb-dTz) 
According to the general procedure for the click reaction with in situ generated deuterated 
acetylene gas, 1-(azidomethyl)4-methoxybenzene (71.8 mg, 0.44 mmol) was converted into the 
product which was obtained after column chromatography (EtOAc/heptane, 1/4) as a white solid 
(80 mg, 95%).1H-NMR (400 MHz, CDCl3) δ 7.69 (s, 0.01 H, 99% D), 7.43 (s, 0.04 H, 96% D), 7.23 (m, 
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2H), 6.90 (m, 2H), 5.50 (s, 2H), 3.81 (s, 3H);  13C-NMR (100 MHz, CDCl3)  159.9, 129.6, 126.6, 114.5, 
55.3, 53.5; HRMS (ESI+) calcd for C10 H9D2N3O [M-Na]+ 214.0925, found 252.0924. 
Synthesis of 1-(azidomethyl)-2,3,4,5,6-pentafluorobenzene 
Sodium azide (0.40 g, 6.40 mmol, 1.1 equiv.) was added to a mixture of benzyl bromide (1.51 g, 5.81 
mmol, 1.0 equiv.) in DMSO (20 mL) and stirred overnight. The reaction mixture was diluted with 
ice cold water and extracted with diethyl ether. The combined organic layers were washed 
subsequently with ice cold water, brine and dried over MgSO4. After filtration and evaporation of 
all volatiles, the desired azide (1.09 g, 84%) was obtained. 1H NMR (400 MHz, CDCl3)  4.46 (s, 2H); 
13C-NMR (100 MHz, CDCl3)  146.6 (m), 144.1 (m), 140.4 (m), 138.9 (m), 136.3 (m), 109.3 (m), 41.6. 
Spectral data are in accordance with literature.23  
Synthesis of 4,5-deuterium-1-((perfluorophenyl)methyl)-1,2,3-triazole (fbz-dTz) 
According to the general procedure for the click-reaction with in situ generated deuterated 
acetylene gas, 1-(azidomethyl)-2,3,4,5,6-pentafluorobenzene (400 mg, 1.79 mmol) was converted 
into the product which was obtained after column chromatography (EtOAc/heptane, 1/4, Rf = 
0.33) as a white solid (292 mg, 65%). 1H-NMR (400 MHz, CDCl3)  7.73 (s, 0.09 H, 91% D), 7.65 (s, 0.19 
H, 81% D), 5.67 (s, 2H) 13C-NMR (100 MHz, CDCl3)  146.7 (m), 144.2 (m), 143.4 (m), 140.9 (m), 139.0 
(m), 136.5 (m), 123.5 (m), 108.4, 40.6; HRMS (ESI+) calcd for C9H2D2F5N3 [M-Hl]+ 252.0529, found 
252.0529. 
4.5.3 Evaluation of co-substrates 
From a stock solution of 200 mM ethanol in MeOD-d4 (solution A), and a 200 mM co-
substrate solution in MeOD-d4 (solution B), a third solution (solution C) was prepared 
containing 1 mL of solution A and 1 mL of solution B. The 1H NMR spectrum of solution C 
was recorded and the exact amount of co-substrate was determined relative to the 
internal standard ethanol. Solution C was diluted with MeOD-d4 to give a total volume of 
300 μL and a cosubstrate concentration of 100 mM, and then transferred to a NMR 
pressure tube. Next, 300 μL from a stock solution containing 8 mM [Ir(IMes)(COD)Cl] and 
4 mM Py was added to the sample. By using the stock solutions, every sample (600 uL) 
contained 4 mM catalyst, 2 mM Py and 50 mM co-substrate. Finally a conventional SABRE 
experiment was performed using 5 bar of 51% p-H2 as described in Section 2.5.7 and the 
exchange rate of Py was determined as described in Section 2.5.9. Overview experimental 
data 
 
 
 
  
 
  
Table 4.1 Overview of experimental data. 
Structure Abbreviation Exchange  
Rate (Py) 
Errorc Affinity 
𝛴𝑃𝑦𝑏𝑜𝑢𝑛𝑑
𝑜𝑟𝑡ℎ𝑜
𝛴𝑃𝑦𝑓𝑟𝑒𝑒
𝑜𝑟𝑡ℎ𝑜  
S.E. 
(free) 
S.E 
 
(bound) 
Hydride signals 
 
Tz 0.23 0.02 0.15 43.8 29.8 -21.68 (s), -21.40 (s), -21.91 (d) ,-22.85 (d) 
Second small set of signalsd 
-22.01 (s), -22.22 (s), -22.36, -22.42 (d), -22.56 (d) 
 
mTz 0.21 0.02 0.47 53.8 24.2 -21.45 (s), -21.79 (s), -22.11 (d), -22.80 (d) 
 
eTz 0.13 0.02 0.47 30.2 8.9 -21.79 (s), -21.45 (s), -22.09 (d), -22.87 (d) 
 
1,4-dmTz 0.24 0.16 0.46 5.8 7.9 -21.48 (s), -21.75 (s), -21.81 (s), -23.55 (s) 
 
1,5-dmTz 0.12  0.02  0.30 10.3 2.3 -21.76 (s), -21.29 (s), -21.95 (d), -22.85 (d) 
 
tmTz 0.50 0.07 3.61 8.4 6.1 -21.40 (s), -21.44 (d), -21.64 (s), -21.69 (s), -23.50 (s), 
-23.56 (d) 
 
m-bTz 0.24 0.03 0.37 8.5 0.8 -20.28 (s), -20.12 (s), -20.97 (d), -22.08 (d) 
 
br-mTz - - 0.14 27.0 42.2 -21.48 (s), -21.72 (br. s), -21.81 (s), -21.92 (br.s), -
22.13 (br. s), -22.13 (br. s), -22.26 (br. s), -22.33 (br. 
s), -22.55 (br. s), -23.10 (br. s) 
  
 
1,5-dmTtz 0.07 0.06 2.41 18.9 6.7 -21.37 (s), -21.54 (s), -21.66 (d), -21.93 (d), 
Second set of signalsd 
-22.01 (s), -22.25 (d), -22.38 (br. s), -23.44 (d) 
 
       
 
PEG-Tz 0.12 0.01 0.385 27.7 6.0 -21.47 (s), -21.80 (s), -22.08 (d), -22.87 (d) 
 
Diox-TZ 0.029 0.02 0.39 5.3 1.0 -21.48 (s), -21.77 (s), -21.96 (d), -22.90 (d) 
 
PMB-Tz - - 0.34 3.4 0.6 -21.50 (s), -21.80 (s), -22.11 (d), -22.80 (d) 
 
Pfb-Tz - - 0.66 0.9 0.1 -21.59 (s), -21.96 (s), -22.16 (d), -22.92 (d) 
S.E. Signal Enhancement; aExchange rate could not be determined due overlapping signals; b The obtained data was not good enough to obtain 
a reliable fit; c Error margin as generated by Origin; d Second set of signals due dual binding mode. 
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5.1 Introduction 
In order to preserve the efficiency of SABRE at highly diluted substrate concentrations, 
we developed the “co-substrate” approach (Figure 5.1, bottom: Chapter 4).1 In this 
approach a co-substrate is present in large excess with respect to the complex 
precursor, so that it can prevent solvent binding to the catalyst and the resulting loss of 
signal enhancement. At the same time the co-substrate binds sufficiently weakly to 
allow coordination of the diluted substrate which is present at low concentrations 
compared to the catalyst. With pyridine as a substrate and using complex 6, 1-methyl-
1,2,3-triazole (mTz) was identified as a suitable co-substrate, allowing NMR detection of 
pyridine below 1 μM in a single scan.1 We also observed a linear dependence of the 
signal intensity on pyridine concentration and exploited this feature for quantitative 
NMR analysis with SABRE of a complex mixture with a large number of substrates.2 
Addition of substrate (Py) and co-substrate (mTz) leads theoretically to the formation of 
a range of complexes, 1+, 2a+, 2b+, 3a+, 3b+ and 4+. The relative abundance of these 
complexes depends on the concentrations of the substrate, co-substrate, and metal 
complex, as depicted in Figure 5.1 
 
Figure 5.1 Formation and deactivation of SABRE complex. The co-substrate approach gives rise 
to a variety of complexes. R = mesityl, Py = pyridine, mTz = methyltriazole, blue curly arrows 
indicate polarization transfer. 
While this method is successful, some of these complexes do not contribute to the 
observed hyperpolarization of Py (3b+, 4+, 5+), and others are not detectable on the NMR 
time scale (1+, 2b+). In general a substrate needs to be bound in the same plane as the 
hydrides and the Ir, i.e. equatorial cis with regard to the NHC ligand, and have an 
exchange rate and scalar coupling in the right regime for polarization transfer. These 
conditions are for example not met in complex 3b+, which has the substrate axial or 
trans with respect to the NHC, and thus does not contribute to the signal enhancement. 
Detailed DFT and EXAFS study of the interaction of [Ir(H)2(IMes)(L)3]+ with substrates and co-substrates 
 109 
To better understand the formation of (in)active complexes and improve our catalytic 
system in the future, Density Functional Theory (DFT) was used to provide a 
computational basis for the presence of the various complexes. The calculated 
structures (e.g. bonding distances) were validated by Extended X-ray Absorption Fine 
Structure (EXAFS), and when available, the crystal structures. The relative abundances 
that follow from the computed energies were compared to the NMR results. With these 
calculations and experiments, we provide explanations for the relative abundance of the 
observed metal complexes, as well as their contribution to SABRE. 
5.2 Results and discussion 
5.2.1 Density Functional Theory 
As described above, when combining metal complex 6 with substrate (Py) and co-
substrate (mTz) in the presence of H2, one would expect to obtain a mixture of the 
complexes 2+, 3+, 4+, of which the relative amounts depend mainly on the ratio of the 
concentrations of substrate and co-substrate. In previous research (see Chapter 4),1 
where a titration of mTz was performed while the substrate and catalyst concentrations 
and ratio were kept the same, we observed by NMR that complex 2b+ was never formed 
(see Appendix, Table 5.A1). In order to understand this phenomenon, the relative 
energies of the different complexes were calculated with DFT (Table 5.1).  
 
Table 5.1 Relative energies of the six [Ir(H)2(NHC)(L3)]+ complexes. 
Complex 1+ 2a+ 2b+ 3a+ 3b+ 4+ 
DFT energy[a] -2.08 -5.04 0.00 -4.76 -3.55 -2.65 
[a] kcal/mol   
 
The relative energies of the six different complexes were corrected according to 
the difference between the Py and mTz ligand energies. These values cannot be directly 
compared with an earlier DFT study by Cowley et al.,3 in which only one of our 
complexes (1+) occurs. However, the optimized geometries show similar features: bond 
distances of complex 1+ occurring in both our and their study compare well as the trans-
Py-Ir distance is in both cases shorter than the two cis-Py-Ir bond distances. Next, using 
these DFT energies, the Boltzmann distribution function could be used to calculate the 
expected abundances of the different complexes. The twofold degeneracy of complexes 
2a+ and 3a+, with regard to the ligands (Py/mTz) in the equatorial plane (cis with regard 
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to the NHC ligand), was taken into account for this calculation. In turn, the DFT-
Boltzmann based abundances are compared to the experimental values that were 
obtained by NMR experiments (Figure 5.2, Table 5.A1 in Appendix). Complex 2b+ is the 
only complex consistently not observed by NMR, as stated previously, and yielded the 
highest energy. Complex 1+, second highest in energy, was only observed at very low 
mTz concentrations (below 1:0.6). The examination of the other species revealed that 
the presence of complex 3a+ is overestimated while those of complexes 3b+ and 4+ are 
underestimated. However, the trend in DFT energies is in good agreement with NMR 
measurements (Figure 5.2, Table 5.A1 in Appendix).  
Figure 5.2 Abundances of complexes 2a+ and 3a+ at various substrate/co-substrate ratios 
according to 1H NMR and DFT. 
To obtain a qualitative, physical understanding of these energy differences, the 
coordination bonds were subjected to an energy decomposition analysis (EDA).4,5 In this 
approach, the optimal [Ir(H)2(IMes)(L)3]+ structure is split into two fragments, [L] and 
[Ir(H)2(IMes)(L)2]+, and the interaction energy is analyzed upon recombination of the 
two fragments, while keeping all other geometry parameters frozen. In this model the 
interaction energy ∆Eint  is decomposed into four terms according to equation 5.1: 
ΔEint = ΔVelstat + ΔEPauli + ΔEoi + ΔEdisp  (5.1) 
The term ∆Velstat corresponds to the classical electrostatic interaction between the 
unperturbed charge distributions of the prepared (i.e. deformed) fragments and is 
usually attractive. The Pauli-repulsion ∆EPauli comprises the destabilizing interactions 
between occupied orbitals and is responsible for any steric repulsion. The electrostatic 
attraction and Pauli repulsion can be combined to yield the steric energy term ∆E0 = 
ΔVelstat + ΔEPauli. The orbital interaction ∆Eoi in any MO model, and therefore also in Kohn-
Sham theory, accounts for charge transfer (i.e. donor–acceptor interactions between 
occupied orbitals on one moiety with unoccupied orbitals of the other, including the 
HOMO-LUMO interactions) and polarization (empty/occupied orbital mixing on one 
fragment due to the presence of another fragment). The term ∆Edisp accounts for the 
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dispersion interactions. Furthermore, the nature of the ligand-metal bond was 
characterized in terms of the charge distribution by calculating Voronoi Deformation 
Density (VDD) atomic charges.6,7 
This analysis was performed for the trans-ligand (with respect to NHC) and both cis-
ligands in each of the complexes 1+ - 4+, resulting in a total of 18 interaction energies 
(Table 5.2).  
 
Table 5.2 Iridium–ligand bond analyses based on EDA, VDD atomic charges and bond distances. 
Complex Ligand Energy (kcal/mol) VDD  
(a.u.) 
Ir-ligand  
distance 
(Å) 
Eint Eoi Edisp Velstat Epauli 
1+ Pytrans -46.77 -47.16 -14.27 -102.22 116.88 0.299 2.144 
 Pycis -36.96 -35.20 -24.53 -78.54 101.31 0.250 2.232 
 Pycis -39.63 -38.96 -24.8 -85.62 109.75 0.243 2.294 
2a+ Pytrans -46.17 -46.50 -13.65 -101.72 115.70 0.290 2.146 
 Pycis -39.71 -37.66 -24.61 -86.61 109.17 0.233 2.253 
 mTzcis -40.71 -39.22 -21.85 -86.96 107.32 0.306 2.222 
2b+ mTztrans -44.89 -47.37 -12.28 -95.66 110.42 0.318 2.139 
 Pycis -36.29 -34.86 -24.32 -78.43 101.32 0.233 2.289 
 Pycis -38.3 -37.91 -24.22 -83.54 107.37 0.306 2.292 
3a+ mTztrans -43.99 -46.66 -11.75 -94.96 109.38 0.310 2.130 
 Pycis -38.12 -36.52 -24.41 -84.23 107.04 0.210 2.267 
 mTzcis -39.77 -38.90 -21.33 -86.04 106.50 0.304 2.221 
3b+ Pytrans -45.41 -46.27 -13.28 -101.86 116.00 0.278 2.146 
 mTzcis -37.87 -37.98 -21.33 -84.02 105.46 0.295 2.231 
 mTzcis -37.88 -37.99 -21.32 -84.03 105.46 0.295 2.222 
4+ mTztrans -44.66 -46.93 -11.11 -96.67 110.05 0.303 2.132 
 mTzcis -36.66 -37.66 -21.80 -81.54 104.34 0.272 2.237 
 mTZcis -39.75 -38.91 -20.36 -85.44 104.96 0.282 2.220 
 
The picture emerging from the EDA analysis for the trans-ligand was hardly 
affected by the nature of both cis-ligands, and vice versa (Figure 5.3). It was found that 
regardless of the type of ligand (Py or mTz), trans-ligands always provided a more 
stabilizing interaction than cis-ligands. This is due to more favorable electrostatic and 
orbital interaction energy terms. The former correlates with the higher charge, as 
calculated with Voronoi Deformation Density, on the trans-ligands, which originates 
from a shorter bonding distance, and can also be described in terms of a trans-influence 
of the N-heterocyclic carbene ligand (Table 5.A2). 
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Figure 5.3 ΔEint of each ligand plotted versus the relative energy ΔE of each complex. 
Figure 5.3 also reveals that there is on average a ~1 kcal/mol difference between 
Py and mTz in the trans-position. This is mainly due to the ΔEdisp which is always more 
favorable for pyridine by approximately 2 kcal/mol. The more favorable ΔVelstat is 
compensated by an opposite effect of similar size for the ΔEpauli. As stated previously 
trans-ligands always provided a more stabilizing interaction than cis-ligands. The 
stronger interaction with trans-ligands is also confirmed by our observations that cis-
ligands are in continuous exchange with ligands in solution on a NMR time scale, while 
trans-ligands are not (kinetic cis-effect). Since the trans-ligand does not contribute to 
signal enhancement for free ligands in this system, it would be a suitable position for 
immobilization as was recently demonstrated by Shi et al.8 Furthermore, for the trans-
position of the complexes, pyridine was always favored over mTz due to its stronger 
dispersion and electrostatic interaction. The combined effects of a more favorable 
orbital and electrostatic interaction result in a stronger binding of the trans- compared 
to the cis-ligands. This, in turn, explains why trans-ligands do not dissociate.  
 For the cis-ligands the trend in energies is less obvious (Table 5.A2). The cis-ligands 
strongly influence each other. Complexes with two cis-pyridines are disfavored due to 
the much less favorable electrostatic interaction that goes with the associated long 
iridium-ligand distances (for values, see EXAFS section). These steric effects are also 
reflected in the large angle between the two pyridines (Table 5.3). Although these steric 
effects were much less pronounced when placing two triazoles in the cis-positions, less 
stabilizing dispersion and electrostatic energy terms made these complexes 
unfavorable. This leads to the preferential situation of placing both a pyridine and 
triazole in the cis-positions and a pyridine trans (Figure 5.4). Indeed, complex 2a+ was 
observed in large quantities, making the DFT calculations a valuable tool in 
understanding our earlier1 and current NMR studies. 
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Table 5.3 DFT ΔE0 steric energy term and 
angles. 
 
Complex cis-L ΔE0a Angleb 
1+ Py-Py +61.56 97.54c 
2a+ Py-mTz +56.90 94.95 
2b+ Py-Py +61.48 97.13 
3a+ Py-mTz +57.69 95.49 
3b+ mTz-mTz +57.01 94.31 
4+ mTz-mTz +55.70 93.67 
a Energies in kcal/mol; b Angle in degree;  
c Crystallographic value 96.805.3 
Figure 5.4 Converged structure of 2a+ 
showing the angle (red) between the cis-
ligands. Hydrogen atoms are omitted for 
clarity with exception of the hydride 
ligands 
 
5.2.2 Extended X-ray Absorption Fine Structure (EXAFS) 
As discussed above, the results of the DFT study are in good agreement with 
experimental NMR data. The obtained calculated energies are derived from optimized 
geometries and thus provide structural information with regard to binding distances of 
the different ligands to the iridium centre. This type of information would be very 
difficult to obtain from NMR experiments. X-ray crystallography, such as reported by 
Cowley et al. for complex 1+,3 would be the preferred tool to obtain this structural 
information and validate our DFT study, but is not applicable to most of the other 
observed complexes due to the dynamic character of the obtained mixtures. Because 
EXAFS reveals the type and number of neighbouring atoms and allows the 
determination of metal-ligand distances to an accuracy of 0.01-0.02 Å by analysis of the 
X-ray induced electron diffraction,9,10 and can be applied to solids, liquids, solutions and 
even gases, it is an ideal complimentary technique for our present study. We have 
previously reported on the application of a related X-ray absorption spectroscopic 
technique, X-ray Absorption Near Edge Structure (XANES), for the validation of DFT-
derived geometries.11 Published examples of EXAFS studies of a true homogeneous 
hydrogenation catalyst are rare,12 possibly because the backscattering by H ligands is so 
weak that it hardly contributes to EXAFS in organometallic complexes. There is 
however one example of a study on immobilized variants of Wilkinson’s catalyst, a 
rhodium analogue of Crabtree’s catalyst, which is the predecessor of the catalyst used 
here.13 Since EXAFS is a bulk technique, the average of all structures is obtained, and it 
can be expected that the analysis may be complicated, especially in our case where we 
are dealing with a dynamic mixture of complexes. We expected that if a sufficiently long 
range of EXAFS would be recorded in order to maximize the resolution, it might be 
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possible to determine the number and distances of ligands containing 6-membered 
rings, such as pyridines,14 independently from those containing 5-membered rings, such 
as N-heterocyclic carbenes and triazoles. Discrimination between the latter two was 
expected to be possible because the much stronger bond to the carbene results in a 
much shorter distance to iridium than the coordinative interaction with the triazole. 
We prepared samples, comparable to those used in NMR,1 in cells specially designed for 
organic solvents15 and recorded the EXAFS spectra of the frozen solutions. 
Our study of the IMes-based iridium catalysts for SABRE started with the 
validation of our approach to simulate the EXAFS based on structural models by 
measuring the catalyst precursor 6 in the solid state as well as dissolved in methanol 
and subsequently frozen, and comparing the result to a simulation based on the known 
crystal structure (Figure 5.5, Tables 5.4 and 5.A2). Good quality EXAFS data could be 
obtained of solid 6 in transmission mode for a long k range (up to 18 Å-1), with well-
resolved contributions of Cl and the other ligand donor atoms in the Fourier transform 
(see Appendix, Fig. 5.A2). Because solutions such as that of complex 6 in methanol are 
much more dilute in iridium than the solid, their EXAFS spectra were recorded in 
fluorescence mode, and satisfactory signal-to-noise was available for a k range only up 
to 15 Å-1. This is shown together with a comparable range of the data for solid 6 in Fig. 
5.5B and C. Despite the lower iridium content the frozen solution is found to have a 
subtly better resolution of the most intense feature at 1.9-2.3 Å in the Fourier transform 
compared to the solid in the same k range. The higher resolution for the frozen solution 
is reflected mainly in lower Debye-Waller factors (in parentheses in Table 5.4). As solid 
and frozen solutions were measured at the same temperature, the difference can only 
be due to a lower static disorder in the frozen solution, of which the origin, however, is 
not known. In order to obtain the best results and maximize the possible resolution, the 
simulations were applied to as large a range of the spectrum as possible (2-15 Å-1) for all 
samples, even though it is observed (in later examples) that the treatment of multiple 
scattering of units in 2 rather than 3 dimensions is not entirely adequate at low k. In Fig. 
5.5A the contributions of the different ligands to the simulation of Fig. 5.5B are 
visualized. The contribution of the Cl (green) is nearly resolved from both the close and 
remote shells of the COD (black). Compared to those, the contribution of the NHC (blue) 
is relatively weak. The mesityl substituents of the NHC were found not to contribute to 
the EXAFS. Apart from the atoms of the 5-membered NHC ring, only the atoms directly 
connected to the ring at approximately 3.5 Å were included in the simulation. In the low 
k (2-8 Å-1) part of the EXAFS, the strong contribution of the 1st shell C of the COD is 
reasonably in phase with the contributions of Cl and NHC, while the high k part (11-15 Å-
1) is dominated by Cl backscattering. The signal in the medium range (8-11 Å-1) is weak 
due to destructive interference of the contributions of C and Cl.  
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With this resolution the distances of the ligands could accurately be determined and 
were found to be identical, within 0.01 Å, between the two methods of sample 
preparation and within 0.01-0.03 Å of the crystal structure (Tables 5.4 and 5.A2). 
Figure 5.5 Experimental (black) and simulated (red) EXAFS (left panel) and corresponding 
phase-corrected Fourier transforms (right) of solid 6 (trace B, components: black, COD; green, 
Cl; blue, NHC in trace A) and 6 in frozen methanol solution (trace C). 
 
Table 5.4 Selected bond lengths (Å) for the simulations of complex 6.a 
Source  
Fit index a 
EF 
(eV) 
Ir-NHC Ir-COD  
1st shell 
Ir-COD  
2nd shell 
Ir-Cl 
XRD (average)  - 2.054  2.151  3.049  2.353  
EXAFS (solid)  
0.9415 
-9.833 2.043 (.010) 2.133 (.014) 3.053 (.011) 2.371 (.008) 
EXAFS (solution) 
1.2578 
-
10.913 
2.057 (.010) 2.124 (.010) 3.051 (.008) 2.381 (.004) 
a Debye-Waller factors as 2σ2 in parentheses.  
 
Having demonstrated that the approach for fitting a simulation by iterative 
refinement of EF and Debye-Waller factors was adequate to test the quality of the 
distance information from XRD and DFT, we moved on to a more complicated system, 
the conventional SABRE complex 1+ (Figure 5.6, more analysis is provided in the 
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Appendix). The simulation based on the crystallographic distances gave already a good 
agreement with the EXAFS experiment (Figure 5.6A, XRD in Table 5.5). While the 
distances of the Ir to the ligand donor atoms of the pyridines are relatively close 
together according to the crystal structure (Table 5.5, resp. 2.129, 2.192, and 2.222 Å), it 
turned out to be crucial to treat the cis- and trans-pyridines separately in order to obtain 
the best possible fit (EXAFS in Table 5.5, Fig. 5.6B). The components of the best EXAFS fit 
in Fig. 5.6B are shown in Fig. 5.6C. This reveals that for each of the cyclic ligands (NHC, 
cis- and trans-pyridine) the 1st shell contribution around 2 Å is larger than the 2nd shell 
contributions around 3 Å. The 1st shell contributions are nearly resolved in the Fourier 
transform, however, making the corresponding peak less intense than that of the 2nd 
shell contributions. The difference in distance to Ir between the ligands in the cis- and 
trans-positions is also a persistent feature of the DFT-calculated structure and NMR data 
as discussed before (DFT in Table 5.5, Fig. 5.6D). 
Figure 5.6 Experimental (black) and simulated (red, parameters in Table 5) EXAFS (left panel) 
and corresponding phase-corrected Fourier transforms (right) of 1+ in methanol solution. Trace 
A, simulation with the crystallographic distances (only EF and σ refined); trace B, best EXAFS 
simulation (EF, σ, and distances refined); trace C, components (blue, NHC; purple, H2; light 
green; cis-Py; cyan, trans-Py) of the total simulation (red); trace D, simulation with the DFT 
parameters (only EF and σ refined). 
 
 
 
 
 
 
Detailed DFT and EXAFS study of the interaction of [Ir(H)2(IMes)(L)3]+ with substrates and co-substrates 
 117 
Table 5.5 Selected bond lengths (Å) for the EXAFS simulations for complex 1+.a 
Source 
Fit index 
EF (eV) Ir-NHC Ir-H Ir-Pycisb Ir-Pytransb 
XRD 
0.9946 
-9.727 1.989 (.005) 1.495 (.009) 
1.400 (.012) 
2.222 (.016)  
2.192 (.009) 
2.129 (.009) 
EXAFS 
0.8880 
-8.656 1.981 (.010) 1.488 (.025)  2x 2.189 (.010)  2.069 (.013) 
DFT 
1.0983 
-11.088 2.011 (.003) 1.563 (.024)  
1.586 (.023) 
2.295 (.025)  
2.231 (.011) 
2.145 (.003) 
a Debye-Waller factor as 2σ2 in parentheses; b Cis and trans are relative to the NHC. 
The gas-phase DFT structure calculations give significantly larger distances than 
the condensed-phase EXAFS measurements; this discrepancy is attributed to packing 
effects in the crystal as well as interactions with the molecular environment in the solid 
and solution phases. In line with this, an EXAFS simulation in which iridium–ligand 
distances are kept fixed yields poor agreement (high fit index) and a relatively large 
shift in the threshold energy value EF to a more negative value (DFT in Table 5.5, Fig. 
5.6D), it must be concluded that they are genuinely overestimated. It is important to 
take the contributions of the H ligands into account in addition to those of NHC and 
pyridine. When the H shell was omitted from the simulation the fit index was 
significantly higher (1.2061 vs 0.8880), and despite its weak contribution, it does have a 
tendency to reproduce some intensity at the appropriate distance in the Fourier 
transform (Figure 5.6C). With regard to the distance, the same trend is observed as for 
the pyridine ligands. The Ir-H distance in the best EXAFS fit (1.488 Å) is somewhat 
longer than the average crystallographic Ir-H distance (1.448 Å), while the calculated 
DFT values are significantly longer (1.575 Å). For X-ray crystallography it is well known 
that the true M-H internuclear distance is systematically underestimated by 
approximately 0.1 Å.16 Such a systematic deviation is not expected for EXAFS, but the 
determination of the distance from Ir to H is not as accurate as for the other ligands, as 
its contribution is relatively weak.  
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Figure 5.7 EXAFS (left panel) and corresponding phase-corrected Fourier transforms (right). 
Experimental EXAFS data of respectively A, complex 1+ (black) and complex 4+ (red); B, complex 
4+ (black) and assumed complex 3+ (red); and C, complex 1+ (black) and complex 5+ (red). 
Our investigation of complexes including the co-substrate mTz started with 
complex 4+, which has a significantly different EXAFS spectrum compared to complex 1+ 
(Fig. 7A). In order to obtain again a good fit for the simulation (different fits with 
detailed analysis are reported in the Appendix, Table 5.A3) it was important to split the 
triazole shells into trans- and cis-contributions. Also in this case, the difference in the Ir-
N distances is not as large as suggested by DFT (Table 5.6). This was also reflected in the 
fact that the fit index of the EXAFS simulation based on the DFT calculation was poor, 
indicating that the distances are not quite right. However, we were optimistic that an 
exchange of one of the ligands (Py for mTz) could be observed. As complex 3+ is formed 
at low substrate (Py) and high co-substrate (mTz) concentrations, we prepared a sample 
containing 6 mM catalyst and respectively 10 mM Py and 60 mM mTz. According to 1H 
NMR, this results in a mixture of complexes 2a+, 3a+, 3b+, and 4+ (ratio 0.36:0.88:0.40:1.00), 
the obtained EXAFS spectrum overlaps significantly the spectrum of a solution 
containing only complex 4+ (Fig. 5.7B). Therefore we can conclude that with EXAFS, we 
were not able to detect notable amounts of mTz displaced by pyridine under these 
circumstances.  
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Table 5.6 Selected bond lengths (Å) for complex 4+ & 5+. 
Complex Ir-NHC Ir-H Ir-Lcisa Ir-Ltransa 
4+   mTz-mTz mTz 
EXAFS 1.996 1.436 1.436 2.154 2.154 2.131 
DFT 2.993 1.580 1.565 2.236 2.220 2.133 
5+   Py MeOH Py 
EXAFS 2.053 1.489 1.489 2.171 2.344 2.171 
DFT 1.998 1.571 1.552 2.257 2.395 2.151 
a Cis and trans are relative to the NHC 
 
Finally the effect of possible solvent coordination was investigated by 
measurements on a sample with a lower excess of pyridine (2.5 molar equivalents, 15 
mM) than would be required to fill the three potential coordination positions. This 
sample approximates the structure of complex 5+ (Fig. 5.1) which is inactive in SABRE 
and in which one substrate ligand (in complex 1+) is replaced by a solvent molecule. The 
formation of 5+ is normally monitored via the IMes proton signals, but due to the 
dynamic nature of the complex, we could not resolve the exact structure by NMR. 
Recently, however, others have shown that complex 5+ could be observed and 
characterized at low temperatures based on the hydride signals.17 The resulting EXAFS is 
compared to the experimental data of complex 1+ (Fig. 5.7C) and found to be quite 
similar except for subtle variations in the relative intensities of the features between 4 
and 7 Å-1 and weaker intensities for the features belonging to pyridine in the Fourier 
transform. While these differences are small, simulations still suggest that indeed one 
pyridine ligand is substituted by methanol, although it cannot be determined with 
certainty whether this is a cis- or trans-pyridine, nor whether it is at such a long distance 
as indicated by our DFT computations for the gas-phase situation (Table 5.6, simulations 
and detailed analysis are provided in the Appendix, Fig. 5.A4). It has been reported that 
(irreversible) inactivation of hydrogenation18,19 as well as SABRE catalysts20 can proceed 
by oligomer formation. In our EXAFS experiments, such oligomer formation would be 
readily detectable due to the occurrence of strong Ir-Ir backscattering contributions, 
such as observed by us in other studies39 but never in the system with IMes and pyridine 
investigated here. 
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5.3 Conclusion 
A combined experimental-theoretical study was performed to investigate in great detail 
the formation of several species which are formed in the iridium mediated polarization 
transfer process Signal Amplification By Reversible Exchange (SABRE). Computational 
modeling of these complexes predicted correctly the trends in relative abundance of the 
complexes as observed by NMR. In NMR experiments, we could also observe that trans-
ligands are not prone to exchange at room temperature and this observation was 
underpinned with detailed quantum chemical calculations based on DFT in combination 
with bond energy decomposition analyses (EDA). These analyses gave also insight in the 
preference for binding of two different types of ligands (e.g. Py and mTz) at the cis-
positions compared to the binding of either two Py or two mTz. It turned out that the 
resulting bond angle between the ligands was crucial. All the calculated energies of the 
various complexes were derived from optimized geometries of which the accuracy was 
investigated by EXAFS. Our analytical protocol was first examined on catalyst precursor 
6, showing good agreement between EXAFS and known crystal structure with no 
deviations larger than 0.01-0.03 Å. The analysis of 1+ gave some interesting results. DFT 
predicts and EXAFS confirms a more explicit difference between cis- and trans-ligand 
than can be derived from the known crystal structure of complex 1+. It was necessary to 
include the hydride ligands in the EXAFS simulation, resulting in Ir-H distances longer 
than those derived from crystallography, but shorter than those calculated by DFT. The 
other Ir-ligand distances for 1+ as derived from EXAFS are slighty shorter but close to X-
ray crystallography; the DFT-calculated distances are up to 0.1 Å longer due to the fact 
that they apply to the complexes in the gas phase, not in frozen solution. Because EXAFS 
is a bulk technique, we were not able to detect analytically the presence of pyridine in 
the mixed substrate/co-substrate complex 3+. The EXAFS analysis of a sample containing 
complex 5+, where substoichiometric amounts of pyridine with respect to iridium are 
present, gave evidence that MeOH coordinates to the complex. The distance from Ir to 
the methanol oxygen ligand donor atom is closer than found in the DFT calculations 
(2.395 Å) and we are not able to discriminate between cis and trans in this case.  
We have shown that with EXAFS it is possible to investigate the catalytic system 
[Ir(H)2(IMes)(L)3], whereby reliable structures were obtained when L was pyridine or 
mTz. Results should be handled with caution in the case of mixtures of both ligands or 
when coordination of the solvent is involved. We compared the distance determined 
with EXAFS to X-ray crystallography, when available, and DFT derived geometries. DFT 
predicts a distinct difference between cis- and trans-ligands, which is not so pronounced 
in known X-ray structures but is clearly observed with EXAFS. EXAFS distances are 
generally slightly longer than X-ray diffraction but shorter than DFT, the difference is 
due to the phase (gas for DFT, frozen solution for EXAFS). 
Detailed DFT and EXAFS study of the interaction of [Ir(H)2(IMes)(L)3]+ with substrates and co-substrates 
 121 
5.4 Acknowledgements 
Ton Egwerda is gratefully thanked for his contribution to this chapter. Nan Eshuis and 
Dr. Marco Tessari are gratefully thanked for their help with the NMR experiments. Dr. 
Alessandro Longo and Dr. Dipanjan Banerjee are gratefully thanked for their assistance 
by the EXAFS experiments. Edwin Sweers is gratefully thanked for the production of the 
EXAFS cells. Dr. Célia Fonseca Guerra and Prof. Dr. F. Matthias Bickelhaupt are gratefully 
thanked for their collaboration on our computational study. Finally, I would like to 
thank NWO and FWO for financially contributing to access to the DUBBLE 26A beam line.  
5.5 Experimental 
5.5.1 General Procedures 
Unless stated otherwise, all experimental procedures were performed under an 
atmosphere of either nitrogen or argon using standard Schlenk line techniques or a 
MBRAUN Unilab glovebox. General solvents for synthetic chemistry were dried using a 
MBRAUN SPS 800 solvent purification system and were degassed prior to use. Pyridine 
(Py) and methanol-d4 were obtained from Sigma-Aldrich. All chemicals were used as 
supplied. The catalyst [Ir(IMes)(COD)(Cl)] and co-substrate (mTz) were synthesized as 
described in respectively Chapter 2 and 4. 
5.5.2 Density Functional Theory 
All calculations have been performed using the Amsterdam Density Functional (ADF) 
2013 program.21 Geometries and energies were calculated at the BLYP-D3(BJ)22-25 level of 
the generalized gradient approximation (GGA), in combination with a DZP basis set and 
TZP on the iridium 4d orbitals. A small frozen core was applied to iridium and scalar 
relativistic effects were accounted for using the zeroth-order regular approximation 
(ZORA).26 Energy minima have been verified through vibrational analysis.27-29 All minima 
were found to have zero imaginary frequencies. In addition, a TZ2P30 single point 
calculation was performed on the converged geometries in order to obtain a more 
accurate energy. 
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5.5.3 Determination of complex ratio by 1H NMR 
All NMR spectra were acquired at 298 K on a Bruker AVANCEIII Spectrometer operating 
at 600 MHz, proton resonance frequency, equipped with a cryo-cooled HCN probe. NMR 
samples with a total volume of 600 µL were prepared in 5 mm Wilmad quick pressure 
valve NMR tubes under an atmosphere of nitrogen. Complex precursor concentrations 
were typically 6 mM, while co-substrate and substrate concentrations varied dependent 
on the experiment. Prior to experiment the volume above the solution was evacuated, 
after which hydrogen was introduced at a pressure of 4 bar. Next, the sample was 
vigorously shaken for several seconds to saturate the solution with hydrogen, allowing 
the formation of the active species. After complete activation, monitored by the 
formation of the hydrides and loss of COD ligand, a spectra was recorded (NS 32, 
relaxation delay 7 s), which was used for the complex ratio determination. The spectra 
were processed using an exponential window function with a line broadening of 2.0 Hz 
prior to zero-filling to 262144 data points.  
 
5.5.4 Extended X-ray Absorption Spectroscopy (EXAFS) 
Preparation of Extended X-ray Absorption Spectroscopy (EXAFS) samples 
EXAFS samples were prepared in methanol with complex precursor concentrations of 6 
mM, while co-substrate and substrate concentrations varied dependent on the 
experiment. Next, hydrogen was bubbled through the solution for approximately 15 
minutes where after the sample was injected in a specially designed EXAFS cell15 (Figure 
8) and cooled down in liquid nitrogen. 
Figure 5.8 EXAFS cell with holder. 
Table 5.7 1H NMR assignment for the various complexes.  
Complex 1+ 2a+ 2b+ 3a+ 3b+ 4+ 
Hydride signal (ppm) -22.83 -21.83 
-22.29 
- -22.11 
-22.80 
-21.45 -21.79 
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Experimental EXAFS set up 
X-ray absorption spectra were collected at the iridium L3-edge (11215 eV) on the EXAFS 
station (BM26A)31 of the Dutch-Belgian beamline (DUBBLE) at the European Synchotron 
Radiation Facility (ESRF) in Grenoble, France. The sample cells were mounted in liquid 
nitrogen on the cryo probe and placed in the Oxford CCC1204 He cryostat. Samples were 
measured in fluorescence mode, using a 9-element monolithic Ge detector. Solid 
reference samples were diluted with boron nitride and measured as pressed pellets in 
transmission mode. The scans (6-8 typically for fluorescence, 2 for transmittance) for 
each sample were averaged together to improve the signal-to-noise ratio. Si(111) double 
crystals were used in the monochromator. 
EXAFS Data Analysis 
EXAFS background subtraction was performed with Viper32 and simulations with 
EXCURVE.33,34 In the simulations, the geometries (distances and angles) of the carbene, 
cyclooctadiene, pyridine, and methyltriazole ligands were adopted from 
crystallographic data of 635 for cyclooctadiene and carbene, 1+ for carbene and pyridine3, 
and structure FELIC136 for triazole, and expressed in polar coordinates with the absorber 
Ir atom at the centre. Structural models were iteratively refined by floating the 
threshold energy EF (in eV), the Debye-Waller factors (as 2σ2 in Å-2), and the distances to 
iridium. In cases where the EXAFS was used to assess the distance information from 
crystallography or ADF computation, only EF and the Debye-Waller factors were floated. 
Multiple scattering within the ligands was calculated up to third order, and the 
distances between the ring atoms were treated as restraints,37 so that effectively only 
the distance between the iridium and the ligand-donor atoms was allowed to float. In 
the final EXAFS simulations, the distances between Ir and atoms in equivalent positions 
were averaged, and the corresponding Debye-Waller factors grouped as much as 
possible in order to minimize the number of parameters that was allowed to float.  
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5.7 Appendix 
5.7.1 MATLAB script 
The following MATLAB script was used for calculation of abundance of the various 
complexes based on the DFT derived energies. 
 
P=11.49; %total mmol Pyridine  
M=19.49; %total mmol triazole  
Py=P; %total mmol free triazole  
Mtz=M; %total mmol free triazole  
I=5.71; %mmol Ir catalyst  
k=0.592; %kT, Boltzmann factor  
new=ones(1,6)/6; %Start off with all complexes being equally present  
old=zeros(1,6);  
Conv=sqrt(sum((new-old).^2));  
%In the while loop, 1% of the complexes is "removed" and subsequently formed, 
using the partition function to calculate the ratio between the six possible 
complexes that will be formed  
while Conv>0.00000000000000000000000000000000001  
Mtz=Mtz+0.01*(old(2)+old(3)+2*old(4)+2*old(5)+3*old(6)); % 1% of all complexes 
is removed and their triazole added to the amount of triazole in solution  
Py=Py+0.01*(3*old(1)+2*old(2)+2*old(3)+old(4)+old(5));% 1% of all complexes is 
removed and their pyridine added to the amount of pyridine in solution  
old=new;  
new=0.99*new; % 1% of all complexes is removed  
p=Py/(Py+Mtz);% Relative occurrence pyridine compared to triazole in solution  
m=Mtz/(Py+Mtz);% Relative occurrence triazole compared to pyridine in solution  
aZ=p*p*p*exp(2.08/k); %Boltzmann factor complex 1  
bZ=2*p*p*m*exp(5.04/k); %Boltzmann factor complex 2a  
cZ=p*p*m*exp(0.00/k); %Boltzmann factor complex 2b  
dZ=2*p*m*m*exp(4.76/k); %Boltzmann factor complex 3a  
eZ=p*m*m*exp(3.55/k); %Boltzmann factor complex 3b  
fZ=m*m*m*exp(2.65/k); %Boltzmann factor complex 4  
Z=aZ+bZ+cZ+dZ+eZ+fZ; %partition function  
new(1)=new(1)+(I/100)*aZ/Z; %new concentration of complex 1  
new(2)=new(2)+(I/100)*bZ/Z; %new concentration of complex 2a  
new(3)=new(3)+(I/100)*cZ/Z; %new concentration of complex 2b  
new(4)=new(4)+(I/100)*dZ/Z; %new concentration of complex 3a  
new(5)=new(5)+(I/100)*eZ/Z; %new concentration of complex 3b  
new(6)=new(6)+(I/100)*fZ/Z; %new concentration of complex 4  
Py=P-(3*new(1)+2*new(2)+2*new(3)+new(4)+new(5)); %New concentration free 
pyridine  
Mtz=M-(new(2)+new(3)+2*new(4)+2*new(5)+3*new(6)); %New concentration free 
triazole  
Conv=sqrt(sum((new-old).^2)); %Should be zero after the complex presence 
converges  
end  
percentages=new*100/I %Calculates the relative occurrence of the six complexes 
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5.7.2 Relative abundance of complex 1+- 4+ 
Table 5.A1 Relative abundance of the six [Ir(H)2(NHC)(L)3]+ complexes according to DFT  
                     and 1H NMR. 
Complex 1+ 2a+b 2b+b 3a+ 3b+ 4+ 
DFT energy (Kcal/mol) -2.08 -5.04 0.00 -4.76 -3.55 -2.65 
Ratioa Method Relative abundance 
1:0.52 DFT  2.27 89.76 0.01 7.46 0.48 0.01 
 NMR  1.99 90.27 n.a. 5.20 2.54 0.00 
1:0.85 DFT 0.26 64.36 0.01 32.86 2.13 0.38 
 NMR n.a. 72.53 n.a. 16.81 8.58 2.08 
1:1.3 DFT 0.08 44.15 0.00 51.11 3.31 1.34 
 NMR n.a 53.69 n.a. 27.09 13.04 6.17 
1:1.7 DFT 0.05 36.05 0.00 58.02 3.76 2.12 
 NMR n.a. 32.73 n.a. 43.44 13.55 10.28 
a Ratio [py]/[mTz] determined with 1H NMR, samples contained 12 mM Py and 6 mM cat. 
b Values of complex 2a+ and 3a+ are plotted in Figure 5.2 (main text). 
5.7.3 Detailed description of the EXAFS data 
5.7.3.1 Spectra and analysis of complex 6 
The EXAFS spectra of catalyst precursor 6 are discussed in section 5.2.2. In that section 
we compared simulations of solid 6 and 6 in solution over a short k range (up to 15 Å-1) 
(Figure 5.5 and Table 5.3). Here we will discuss the data obtained of solid 6 for the full k 
range (up to 18 Å-1) which is depicted in Figure 5.A1. The detailed parameters of the 
simulations and contributions of all ligands in both k ranges are given in Table 5.A3 for 
comparison purposes. Figure 5.A1 shows that a good quality of EXAFS data was obtained 
of solid 6 for a long (up to 18 Å-1) k range in transmission mode. The data were 
adequately simulated on the basis of the crystallographic distances (only threshold 
energy EF and Debye-Waller factor δ refined, Figure 5.A1B). The fit index was even 
lowered (from 1.3814 to 1.2510) after refinement of the distances for the best EXAFS 
simulation. In order to examine the simulation in greater detail, Figure 5.A1C, depicts 
the contributions of the different ligands to the simulation of Figure 5.A1B. The 
contribution of the Cl (green) is nicely resolved (better than in the spectra recorded at a 
shorter k range) from both the close and remote shells of the COD (black), which are 
superimposed on the relatively weak contribution of the NHC (blue). In the low k (2-8  
Å-1) part of the EXAFS, the strong contribution of the 1st shell C of the COD is reasonably 
in phase with the contributions of Cl and NHC, while the high k part (11-18 Å-1) is 
dominated by Cl backscattering; the signal in the medium range (8-11 Å-1) is weak due to 
destructive interference of the contributions of C and Cl. The fact that the Debye-Waller 
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factor for the COD’s closest shell is higher than that of the more remote shell must 
reflect a higher static disorder for the first shell as the trend is opposed to what would 
be expected if it were due to thermal disorder only. 
Figure 5.A1 Experimental (black) and simulated (red), EXAFS (left panel) and corresponding 
phase-corrected Fourier transforms (right panel) of solid 6. Trace A, simulation with the 
crystallographic distances (only EF and refined); trace B, best EXAFS simulation (EF, σ, and 
distances refined). Trace C, components (black, COD; green, Cl; blue, NHC) of the total 
simulation (red). Fitting parameters in Table 5.A2. 
The detailed result of the EXAFS simulations (Table 5.A2) confirms our conclusions 
in 5.2.2 that the refinement of the EXAFS simulation starting from the crystallographic 
data led to only slight adjustments (0.01-0.03 Å) of the distances (Table 5.A2) and that 
the distances for the frozen solution sample were identical with the solid to within 0.01 
Å, with lower Debye-Waller factors for the Cl and COD contributions. 
 
  
 Table 5.A2 Parameters and obtained distances for the simulations in Figure 5.A1 and Figure 5.5.a 
 XRD Fig. 5.A1A 
XRD (average) 
Fig 5.A1B&C 
EXAFS solid  
Fig. 5.5A&B 
EXAFS solid 
Fig. 5.5C 
EXAFS solution 
Fit index n.a. 1.3814 1.2510 0.9415 1.2578 
EF,  
E range (eV) 
n.a. -9.9482  
9.847-1227.875 
-9.597  
9.847-1227.875 
-9.833 
9.847-761.000 
-10.913 
13.920-795.386 
k range ( Å-1)  2-18 2-18 2-15 2-15 
NHC-C 
”-N 
”-ring C 
”-subs C 
2.054 
3.081, 3.110 
4.273, 4,294 
3.522, 3.564 
2.054 (005) 
3.096 (010) 
4.284 (014) 
3.543 (030) 
2.055 (014) 
3.102 (012) 
4.241 (012) 
3.571 (018) 
2.043 (010) 
3.101 (010) 
4.241 (010) 
3.541 (011) 
2.057 (010) 
3.083 (011) 
4.243 (011) 
3.534 (010) 
COD 1st shell 
 
 
COD 2nd shell 
2.107, 2.128,  
2.176, 2.194  
(2.151 average) 
3.003, 3.026,  
3.062, 3.106 
(3.049 average) 
2.151 (021) 
 
 
3.049 (011) 
2.126 (014) 
 
 
3.054 (011) 
2.133 (014) 
 
 
3.053 (011) 
2.124 (010) 
 
 
3.051 (008) 
Cl 2.353 2.353 (011) 2.370 (008) 2.371 (008) 2.381 (004) 
a Ir-ligand distances in Å, Debye-Waller factors as 2σ2 in parentheses. Most important bond lengths are highlighted. 
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5.7.3.2 Spectra and analysis of complex 1+ 
By hydrogenation of 6 in methanol in the presence of excess pyridine, we prepared a 
solution containing complex 1+, which was subsequently frozen and measured. As in the 
case of solid 6, the simulation based on the crystallographic distances gave already a 
quite good agreement with the EXAFS experiment (Fig. 5.A2A). In initial attempts to 
improve the EXAFS simulations, the contributions of the three pyridine ligands were 
averaged together without regard of the position in the complex relative to the NHC 
ligand. This appeared to be justified by the fact that the distances of the Ir to the ligand 
donor atoms of the pyridines in the crystal structure37 are relatively close together 
(Table 5.A3, resp. 2.129, 2.192, and 2.222 Å), but it resulted in a fit index of 1.1223 (not 
shown). A persistent feature of the DFT-calculated structures is the clear difference in Ir 
ligand distance between the pyridine in the position trans to the NHC (Table 5.A3, 2.145 
Å) on the one side, and the 2 pyridines in the cis-positions (2.231 and 2.295 Å) on the 
other. In the final EXAFS simulation, the trans-pyridine ligand was considered 
separately, while the contributions of cis-pyridine ligands were averaged, resulting in 
the simulation of Fig. 5.A2B with an improved fit index of 0.8880. The contributions of 
the various ligands to the simulation of Fig. 5.A2B are shown in Fig. 5.A2C. The 
contributions of the cis- (green) and trans- (cyan) pyridines give similar patterns in the 
Fourier transform, which are subtly shifted with respect to each other. In the EXAFS, 
the subtle shift of the similar contributions results in a destructive interference 
between the pyridine contributions, as well as with the contribution of the NHC. 
Interestingly, the contributions of the 2nd shell atoms of the 5- and 6-membered rings 
are at approximately the same positions, resulting in a strong shell at 3 Å, while the 1st-
shell contributions are almost resolved, resulting in a split peak at approx. 2 Å with 
relatively low intensity. The isolated pyridine contributions have stronger first shells 
than second shells, as expected for pyridine coordination38 but in the total simulation 
the weaker first shell in our experimental data is reproduced. 
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Figure 5.A2 Reproduction of Figure 5.6. Experimental (grey) and simulated (red, parameters in 
Table 5.A3) EXAFS (left panel) and corresponding phase-corrected Fourier transforms (right) of 
1+ in methanol solution. Trace A, simulation with the crystallographic distances (only EF and σ 
refined); trace B, best EXAFS simulation (EF, σ, and distances refined); trace C, components 
(blue, NHC; purple, H2; light green; cis-Py; turquoise, trans-Py) of the total simulation (red); trace 
D, simulation with the DFT parameters (only EF and σ refined). 
While the EXAFS thus gave important support for the conclusion from DFT that 
the cis-pyridines are more distant from Ir than the trans-pyridine, our attempt to 
simulate the EXAFS based on the DFT distances (Fig. 5.A2D) clearly indicated that the 
latter are genuinely overestimated. The apparent shift of the simulated trace compared 
to the experimental EXAFS clearly indicates that the deviation in distances is so large 
that it cannot be compensated by a shift of the threshold energy EF. Under these 
circumstances, as the contribution of the first shell cannot be corrected by a change in 
distance, there is a tendency in the refinement procedure to reduce its intensity, such as 
observed in the Fourier transform for the shell at approx. 2 Å. It should be noted that 
the Ir-H distance (1.488 Å) in the EXAFS result is somewhat longer than the average of 
the crystallographic Ir-H distances (1.448 Å, Table 5.A3) although not quite as long as 
the average of the Ir-H distances calculated by DFT (1.575 Å). Obviously the contribution 
of H (purple traces in Fig. 5.A2C) to the EXAFS is weak, in view of its low Z and in 
particular because of the low electron density, but when included it does have a 
tendency to reproduce some intensity at the appropriate distance in the Fourier 
transform. When the H shell was omitted from the simulation (not shown) the fit index 
after refinement was significantly higher (1.2061 versus. 0.8880)(Fig 5.A2B). 
  
  
 
Table 5.A3 Parameters for simulations in Figure 5.6 and 5.A2.a 
 Figure 5.6A/ 5.A2A XRD (average) Figure 5.6B/5.A2C EXAFS Figure 5D/5.A2D DFT (average) 
Fit index 0.9946 0.8880 1.0983 
EF, 
 E (eV) 
-9.727 
9.379-760.013 
-8.656 
12.813-759.973 
-11.088 
10.835-760.013 
H 1.400 (012), 1.495 (009)  1.488 (025) 1.563 (024), 1.586 (023) 
NHC-C 
”-N 
”-ring C 
”-subs C  
1.989 (005) 
3.041 (009), 3.049 (009) 
4.230 (038), 4.238 (039) 
3.498 (016), 3.501 (015) 
1.981 (010) 
3.016 (009) 
4.058 (021) 
3.469 (012) 
2.011 (003) 
3.057 (004), 3.083 (007)  
4.243 (011), 4.285 (019) 
3.340 (013), 3.603 (021) 
cis-Py 
2nd shell 
3rd shell 
4th shell 
2.192 (009), 2.222 (016) 
3.065 (008), 3.161 (008), 3.077 (009), 3.187 (007) 
4.390 (028), 4.474 (040), 4.397 (028), 4.480 (040) 
4.974 (002), 4.985 (007) 
2.189 (010) 
3.127 (010) 
4.468 (025) 
4.979 (008) 
2.231 (011), 2.295 (025) 
3.121 (008), 3.136 (009), 3.171 (008), 3.271 (008) 
4.456 (022), 4.482 (022), 4.494 (025), 4.582 (020) 
5.026 (007), 5.085 (006) 
trans-Py 
2nd shell 
3rd shell 
4th shell 
2.129 (009) 
3.028 (007), 3.073 (009) 
4.358 (023), 4.396 (031) 
4.918 (009) 
2.069 (013) 
3.043 (007) 
4.234 (012) 
4.949 (009) 
2.145 (003) 
3.057 (004), 3.083 (007) 
4.386 (012), 4.407 (016) 
4.945 (006) 
a Ir-ligand distances in Å, Debye-Waller factors as 2σ2 in parentheses.  
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5.7.3.3 Spectra and simulations of complex 3+ and 4+ 
The EXAFS showed that upon hydrogenation of 6 in the presence of mTz instead of 
pyridine, complex 4+ with three mTz ligands is formed (Fig. 5.A3A). The fit index 
decreased from 0.7848 to 0.4354 when the triazole shells were split into trans- and cis-
contributions, but the difference (Ir-N distances 2.131 and 2.154 Å) is not as large as 
suggested by the DFT calculations (2.124 and 2.220 Å), and inspection of the 
contributions of the components in Fig. 5.A3A reveals that, unlike the case of the 
pyridines, there is no destructive interference. The fit index for the simulation (Fig. 
5.A3B) based on the DFT calculation is poorer which indicates that just like for the other 
DFT structures, the distances are not quite right. The simulation (Fig. 5.A3C) based on a 
DFT structure in which one cis-mTz ligand is replaced by solvent (methanol) at 2.409 Å 
shows a clear underestimation of the intensity of the first shell, which indicates that it is 
absolutely necessary to have 3 coordinating mTz ligands. Complex 3+ is formed at low 
substrate (Py) and high co-substrate (mTz) concentrations and thus responsible for 
micromolar detection of substrate in a single scan by NMR.1 According to the EXAFS 
spectrum (Fig. 5.A3D) our attempt to prepare a 6 mM solution of complex 3+ by adding 10 
mM pyridine in the presence of 60 mM mTz resulted in the exclusive formation of 4+, i.e. 
no detectable amount of mTz was displaced by pyridine in these circumstances.  
Figure 5.A3 EXAFS (left panel) and corresponding phase-corrected Fourier transforms (right) of 
4+ in methanol solution. Experimental (black) and simulated (red, parameters in Table 5.A4). 
Trace A, best EXAFS simulation (red, EF, σ, and distances refined) and its components (blue, 
NHC; purple, H2; light green, cis-mTz; cyan, trans-mTz); trace B, simulation on the basis of the 
DFT structure of 4+; trace C, simulation on the basis of the DFT structure with one cis-mTz 
replaced by a remote methanol molecule; trace D, best EXAFS simulation for a sample of 4+ with 
some Py added. 
  
 
Table 5.A4 Parameters for the simulations in Figure 5.A3.a 
 Fig. 5.A3A 
Best EXAFS Fit 
Fig. 5.A3B 
EXAFS based on DFT 
Fig. 5.A3C 
EXAFS based on DFT   
Fig. 5.A3D 
Best EXAFS fit 
Fit index 0.4354 0.9242 1.2075 0.6002 
EF,  
E range (eV) 
-9.651 
9.379-760.013 
-11.420 
12.813-760.013 
-10.580 
 9.379-760.013 
-10.252  
9.379-760.013 
H 1.436 (.023)  1.565 (.014), 1.580 (.015) 1.549 (.008), 1.572 (.009) 1.387 (.026) 
NHC-C 
”-N 
”-ring C 
1.996 (.009) 
3,132 (.004) 
4.312 (.003) 
1.993(.022) 
3.041 (.002), 3.062 (.002)  
4.238 (.022), 4.249 (.029) 
1.993 (.025) 
3.032 (.002), 3.071 (.002)  
4.236 (.006), 4.252 (.006) 
2.009 (.010) 
3.106 (.010) 
4.325 (.004) 
(cis-)mTz-N 
”-2nd shell C,N 
”-3rd shell C,N 
”-Me 
2.154  (.011) 
3.076 (.003) 
4.464 (.020) 
5.594 (.005) 
2.220 (.020), 2.236 (.038) 
3.126 (.003), 3.174 (.010), 3.198 (.009), 3.276 (.006) 
4.295 (.029), 4.311 (.028), 4.367 (.037), 4.412 (.040) 
5.552 (.031), 5.599 (.031) 
2.220 (.008) 
3.150 (.003), 3.226 (.007) 
4.301 (.004), 4.385 (.004) 
5.578 (.004) 
2.178 (.013) 
3.111 (.006) 
4.466 (.012) 
5.564 (.004) 
(trans-)mTz-N 
”-2nd shell C,N 
”-3rd shell C,N 
”-Me 
2.131 (.003) 2.133 (.002) 
3.058 (.003), 3.153 (.003) 
4.206 (.023), 4.230 (.019) 
5.848 (.031) 
2.124 (.002) 
3.043 (.002), 3.155 (.002) 
4.195 (.007), 4.295 (.004) 
5.469 (.004) 
2.087 (.003) 
2.966 (.010) 
4.242 (.004) 
5.563 (.003) 
MeOH-O 
MeOH-C 
n.a. 
n.a. 
n.a. 
n.a. 
2.409 (.021) 
3.350 (.003) 
n.a. 
n.a. 
a Ir-ligand distances in Å, Debye-Waller factors as 2σ2 in parentheses. 
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5.7.3.4 Spectra and analysis of complex 5+ 
In Fig. 5.A4A, the EXAFS of complex 1+ (10 molar equivalents, 60 mM) is included for the 
purpose of comparison. The other traces in Fig. 5.A4 represent simulations for the 
sample containing 6 mM complex 6 and 15 mM Py, resulting in the formation of 
complex 5+. It is worth noting that in the structure calculated by DFT, the coordinating 
oxygen of the solvent molecule is at a relatively long distance (2.395 Å, Table 5.A5) from 
Ir. For the sample with the low pyridine concentration, the best simulation was with a 
relatively low Ir-methanol distance (Fig. 5.A4B). A somewhat higher fit index (0.9373 vs 
0.7800, Fig. 5.A4C vs Fig. 5.A4B) was obtained when the coordinating methanol molecule 
was put at a longer distance at the start of the refinement. The simulation based on the 
DFT-calculated structure (Fig. 5.A4D) refined with a higher fit index (1.527), featuring an 
underestimation of the intensity of the shell at approx. 2 Å and an overestimation of the 
distances of the outer pyridine shells. It should be noted that in the EXAFS simulations 
for this sample (Fig. 5.A4B & C), the pyridine shells were not split into cis- and trans-
contributions in order not to over-parametrize the simulations. This resulted in an 
average Ir-Py distance approximately corresponding to that for cis-ligands in the other 
structures, although the DFT calculations indicate that this relatively weak ligand 
probably takes up a cis-position, and that one of the pyridines should actually be in a 
trans-position. It is worth noting that the final positions of the methanol O ligand and 
the NHC are probably influenced by a tendency to compensate for the neglect to split 
the pyridine shells into cis- and trans-contributions; in the case of a close MeOH oxygen, 
the NHC ligand is pushed to a shorter distance, whereas it takes up a position close to 
that expected for a trans-pyridine ligand in case the MeOH is places further away.   
 In view of these complications, we conclude from EXAFS only that methanol takes 
up one of the positions left open by pyridine, but that we cannot determine whether it is 
in a cis- or trans-position. The poor agreement with the simulation based on the DFT 
structure is an indication that all Ir-ligand distances, including that to MeOH, are 
overestimated in that case. As the difference can be very subtle, a simulation based on 
complex 1+ was also fitted to the EXAFS, but resulted in a poor fit index indicating that 
solvent binding does occur (Fig. 5.A4E). 
 
Chapter 5 
136 
Figure 5.A4 Experimental (black) and simulated (red, parameters in Tables 5.6 and 5.A5, except 
trace A, Tables 5.5 and 5.A2) EXAFS (left panel) and corresponding phase-corrected Fourier 
transforms (right) of 1+ in methanol solution (6 mM 6, Py concentration: 60 mM for trace A, 15 
mM for other traces). Trace A, best EXAFS simulation (red, EF, σ, and distances refined); trace B, 
best EXAFS simulation (red, EF, σ, and distances refined); trace C, best simulation with remote 
solvent molecule; trace D, simulation on the basis of the DFT structure, trace E experimental 
and simulation based on complex 1+.  
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.A5 Parameters for the simulations in Figure 5.A4.a 
 Fig. 5.A4B EXAFS Fig. 5.A4C EXAFS Fig. 5.A4 DDFT Fig. 5.A4E 
Fit index 0.7800 0.9373 1.527 1.0920 
EF, 
E range (eV) 
-8.512 
12.813-760.013 
-11.420 
12.813-760.013 
-10.252 
9.379-760.013 
-10.1113 
12.813-760.013 
H 1.482 (025) 1.489 (025) 1.552 (013), 1.571 (012) 1.466 (016) 
NHC-C 
”-N 
”-ring C 
”-subst. C 
1.941 (007) 
3.005 (005) 
4.148 (020) 
3.479 (012) 
2.053 (002) 
3.027 (004) 
4.157 (021) 
3.492 (013) 
2.000 (006) 
3.020 (002), 3.100 (010) 
4.232 (008), 4.270 (008) 
3.402 (003), 3.570 (006) 
1.996 (008) 
3.036 (008) 
4.112 (016) 
3.485 (013) 
(cis-)Py-N 
”-2nd shell C 
”-3rd shell C 
”-4th shell C 
2.190 (009) 
3.100 (009) 
4.404 (025) 
4.957 (004) 
2.171 (007) 
3.131 (013) 
4.447 (023) 
4.979 (007) 
2.257 (007) 
3.155 (007), 3.188 (005) 
4.490 (006), 4.513 (004) 
5.053 (004) 
2.201 (010) 
3.152 (013) 
4.845 (013) 
4.990 (010) 
(trans-)Py-N 
”-2nd shell C 
”-3rd shell C 
”-4th shell C 
n.a. 
 
n.a. 2.151 (003) 
3.045 (003), 3.108 (007) 
4.379 (003), 4.427 (006) 
4.952 (003) 
2.077 (011) 
3.032 (007) 
4.309 (013) 
4.941 (009) 
MeOH-O 
MeOH-C 
2.022 (004) 
- 
2.344 (025) 
- 
2.395 (025) 
3.281 (006) 
 
a Ir-ligand distances in Å, Debye-Waller factors as 2σ2 in parentheses. 
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6.1 Introduction 
In the previous chapters the development and synthesis of SABRE complexes and co-
substrates for analytical purposes are described and we also investigated the underlying 
chemical mechanisms in great detail. The main focus has been on controlling the 
lifetime of the complex, as the exchange rate of (co-)substrates and hydrogen is a 
crucial factor in the hyperpolarization transfer process. The amount of transferred 
hyperpolarization does, however, not only depend on the lifetime of the complex but 
also on the long-range scalar coupling between p-H2 derived hydrides and substrate 
nuclear spins. The scalar coupling is a given intrinsic property and so far theoretical 
models1-5 of SABRE have used an estimate of these weak long range couplings, as exact 
values have never been experimentally determined. Our collaborators in the Biophysical 
Chemistry department developed a novel pulse sequence and subsequent NMR 
experiment which is capable of accurately determining these long range couplings.6 One 
of the requirements for this experiment is that the hydrides in the active complex 
should be chemically and magnetically inequivalent (i.e. resulting in two doublet 
signals). This state can be obtained by creating asymmetry in the active metal complex; 
one way to achieve this is to use two substrates as demonstrated in Chapters 4 and 5.7,8 
In these types of mixed substrate complexes the long-range scalar coupling was 
determined,6 but one can argue that it still gives an estimate for the coupling in the 
complex with only one substrate. Therefore we aimed for an elegant approach whereby 
the asymmetry is induced by the ligand so that the complex can be used to determine 
the J-coupling in solutions containing a single substrate. Furthermore, we will show that 
this new class of complexes has some other interesting properties and that there might 
be future opportunities to use this catalyst for enantioselective hyperpolarization 
transfer reactions.  
6.2 Results and discussion 
6.2.1 Synthesis of asymmetric complexes 
In our first attempt to synthesize an asymmetric catalyst, we opted for ligands that have 
two different R groups attached to the imidazoli(ni)um ring (Table 6.1). The first ligand 
is decorated with side groups of the most commonly used SABRE catalysts, being mesityl 
and 2,6-diisopropylphenyl. The performance in transferring hyperpolarization to 
pyridine was indeed good as expected and the signal enhancement was in the same 
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order of magnitude as the conventional IMes catalyst. Unfortunately, the hydride 
signals were not split, probably because there is fast rotation around the iridium-
carbene bond and/or the difference in the R groups is too small. Secondly, a 
combination of the mesityl and cyclohexyl group was chosen. The activation of this 
complex was rather slow, which was presumably also reflected in the exchange rate of 
pyridine, as only a modest signal enhancement (~9) was observed. Again only a 
symmetric complex was formed.  
 
Table 6.1 First attempts in inducing asymmetry in SABRE catalysts. 
Structure NHC Ligand 
[Ir(NHC)(COD)(Cl)] 
Activation Signal  
Enhancement 
Hydride  
splitting 
 
+ + -a 
 
± ± -b 
a Hydride signal at -22.59 ppm; b Hydride signal at -22.49 ppm. 
 
As our first attempts did not provide the desired results, we looked into another class 
of ligands. In search of alternatives which mimic the successful architecture of the 
(S)IMes and (S)IPr ligands, the group of Dorta envisioned that 2-substituted naphthyl 
side chains would be ideally suited for this purpose.9,10 To their surprise, the 
introduction of alkyl substituents on the naphthyl moieties led to atropisomeric ligands 
with an enantiomeric C2-symmetric (rac) and an Cs-symmetric (meso) conformation 
(Figure 6.1). In a detailed experimental and computational study on the interconversion 
between the rac- and meso-isomers, they showed that as soon as the NHC carbon atom is 
bound to either a hydrogen (for the NHC salt) or a metal (NHC-Pd), the rotation around 
the C-N bonds becomes highly unfavorable. The barrier to rotation is so high that 
removal of the imidazolinium proton (at room temperature) does not seem to alter the 
initial syn/anti-ratio of the isomers, which is therefore retained in the metal complex. 
 
Figure 6.1 Formation of atropisomers from naphthyl-substituted ligands. 
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Two ligands of this class are commercially available (viz. SICyNap and SIPrNap). Via 
the standard synthesis procedure both ligands were coordinated to iridium to afford the 
SABRE complex precursor [Ir(NHC)(COD)(Cl)]. As the syn/anti-ratio is fixed for the NHC 
salt, a rac/meso-mixture of the complex was obtained. Attempts to separate these 
rac/meso-mixtures via flash column chromatography using a variety of different eluents 
were unsuccessful due to the small differences in Rf values. In contrast, it was possible to 
obtain the pure rac-complex by repeated selective crystallization (see Experimental 
section). Its conformation was unambiguously confirmed by determination of the 
crystal structure (Table 6.2). It is interesting to note that, based on the buried volume, 
these ligands are indeed good analogues of IMes and IPr. One has to keep in mind, 
however, that the buried volume is generally defined as the steric bulk in a sphere with 
a radius of 3.5 Å around the metal center, which can be considered as the first 
coordination sphere of the metal (Figure 2.2A). As can be expected intuitively, the 
naphthyl-derived ligands are sterically more bulky compared to IMes and IPr, which is 
indeed reflected in a larger %Vbur when a larger radius is chosen for the calculation. 
Results calculated for a radius of 3.5 Å should therefore be handled with care. 
 
Table 6.2 Crystallographic analysis of rac-[Ir(NHC)(COD)(Cl)] complexes. 
rac-[Ir(SIPrNap)(COD)(Cl)] rac-[Ir(SICyNap)(COD)(Cl)] 
  
Distances (Å) /Angles (⁰) Distances (Å) /Angles (⁰) 
Ir-CNHC 2.051 Ir-CNHC 2.045 
Ir-CCOD 2.107, 2.125, 2.173, 2.190 Ir-CCOD 2.101, 2.119, 2.153 2.195 
Ir-Cl 2.356 Ir-Cl 2.365 
∠ N-Ccarbene-N 106.4 ∠ N-Ccarbene-N 107 
∠ Cligand-N-Ccarbene 128.5/130.5 ∠ Cligand-N-Ccarbene 125.7/129.3 
%Vbur 34.1 %Vbur 32.6 
ORTEP plots of the crystallized complexes, ellipsoids are set at 50% probability, hydrogen atoms 
are omitted for clarity. For reference: %VburIMes 32.2, %VburSIMes 33.5, %VburIPr 35.0, %VburSIPr 35.7. 
Ligand-induced asymmetry in SABRE complexes 
143 
As mentioned before, the naphthyl-derived ligands are, in terms of buried volume, to 
a certain extent good mimics of the IMes and IPr ligands. The electronic properties as 
described by the π-accepting ability of these ligands, however, can even be more 
important for SABRE as previously discussed in Chapter 2. Therefore we synthesized the 
corresponding selenoureas, which were also obtained as a mixture of atropisomers. We 
expected relatively high 77Se chemical shift values, somewhere between δSe 190 (SIPr) 
and δSe 113 (SIMes). In Chapter 2, we already pointed out that there is a remarkable 
difference in chemical shift between the SIPr and SIMes ligands, despite the small 
variation in substitution pattern on the phenyl group. The [Se(SIPrNap)] complex has δSe 
values of 169.8 and 170.2, and thus can be concluded that the π-accepting ability of this 
ligand is slightly less than that of the SIPr ligand (δSe 190). The measured values of 
[Se(SICyNap)] are remarkable, δSe = 174.3 and δSe = 164.1, respectively, as we had not 
expected such a relatively large difference in chemical shift between the two 
atropisomers. These two distinct peaks are assumed to be caused by the sterically 
different environments in the atropisomers resulting in slightly less/more shielding of 
the selenium atom.† This hypothesis can conceivably be proven by selective 
crystallization of both isomers followed by crystallographic analysis. Based on the X-ray 
structure so-called %Vbur maps can be calculated in which the different space occupation 
can be visualized in different quadrants around a metal center.11 Furthermore, it is 
known that there is a small deviation in steric bulk between the two atropisomers (see 
Section 6.5.2). In addition, in a series of imidazolium ligands with 2,6-substituted aryl 
groups (IPr, IHept, IPent, INon) the δSe values cover a range of 10 ppm (i.e. between 90 
and 102),12 which are also accounted for by a difference in steric bulk.† 
6.2.2 SABRE with asymmetric complexes 
The above described iridium complexes were examined in a regular SABRE experiment 
with 4 mM catalyst and 40 mM Py. Upon activation with hydrogen, the formation of the 
desired asymmetric catalysts was observed. At room temperature only two hydride 
NMR signals were observed (δ -21.83, -23.03 and -21.40, -23.30 ppm for SIPrNap and 
SICyNap, respectively, Figure 6.2, traces B and C), while two doublets split by JAX were 
 
                                                     
† After completion of this chapter, Sipos et al. published an article in which these unusual NHC-Iridium (I) 
complexes were studied in great detail.32 It was demonstrated that tilting of these NHC ligands affects the 
electronic shielding properties of the carbene atom (e.g. the complexes are stabilized by an interaction of the 
aromatic wingtip that leads to a sideways tilt of the NHC-Ir bond, see also Table 6.2). Very high catalytic 
activity under mild reaction conditions was observed when these complexes were employed in a 
intramolecular hydroamination reaction. An enantiopure version of the catalyst system produced the 
products with excellent enantioselectivities.  
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expected. When the temperature was lowered to 283 K, the signals were better resolved 
due to a much slower exchange of hydrogen, revealing the hydride-hydride scalar 
coupling (JAX = 7.5 Hz, Figure 6.2, trace D). Both catalysts are active in the transfer of 
hyperpolarization to Py; SICyNap gave a signal enhancement of 18 (based on the ortho-
pyridine signal), while SIPrNap performed only poorly with no net signal enhancement 
(inversion of signal, enhancement factor of 0.75). These relatively low signal 
enhancements are presumably due to a fast exchange rate of Py and hydrogen. This is in 
line with the PAAP value and the observation of relatively broad hydride signals at room 
temperature. Now that we have these complexes in hand it is possible to use them in the 
near future in a dedicated NMR experiment to determine the coupling between 
substrate nuclear spins and the hydride in an accurate way.  
 
 
 
Figure 6.2 NMR spectra recorded of the hydride region of active SABRE complexes (600 MHz, 
298 K, NS = 1) for: A) [Ir(H)2(IMes)(Py)3]+; B) [Ir(H)2(SIPrNap)(Py)3]+; C) Ir(H)2(SIPrNap)(Py)3]+ (283 
K, NS = 64).. 
6.2.3 Atropisomerism and chirality 
The aforementioned ligands induce asymmetry in our metal complexes, but the C2 
symmetry also results in axial/planar chirality and will give initially a racemic (rac) 
mixture. The presence of chirality in the metal complex might give opportunities to 
perform an enantioselective (hyperpolarization transfer) reaction or to detect 
enantiomers. The latter is particularly of interest as it is normally not possible with 
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NMR to discriminate between enantiomers of a molecule, as they have the same 
(magnetic) properties and therefore show identical NMR spectra. Generally special 
sample preparation is needed for the distinction of enantiomers. One of the most 
commonly used techniques is the use of chemical modifications with a chiral 
derivatizing agent, which results in the formation of a pair of diastereoisomers, that can 
be distinguished with conventional NMR spectroscopy. This method can only be 
applied, however, if an appropriate functional group for modification is present in the 
molecule of interest. The most popular example is the use of Mosher’s acid to 
diastereoisomeric esters.13 Another strategy is to use a so-called chiral alignment 
medium. The enantiomeric purity is then determined based on anisotropic NMR 
parameters (e.g. residual quadrupolar couplings, residual dipolar couplings, and residual 
chemical shift anisotropy), which differ due to the different orientation of enantiomers 
in a chiral environment.14 One more method is the use of lanthanide shift reagents 
(LSR), with which the enantiomeric purity can be determined on the basis of so-called 
enantiomeric shift differences (ΔΔδ).15,16 For example, in the widely used chiral tris[β-
diketonate]europium(III))) reagent this is achieved through the magnetic interaction 
between the europium (III) ion and the protons of a coordinating Lewis base . This 
induces an additional chemical shift in the protons near the Lewis basic site that is 
bound to the metal. The difference in induced chemical shift depends on the vicinity of 
the various groups of the shift reagent and determination of enantiopurity is possible as 
this is controlled by steric interactions with the chiral ligands. It has already been 
demonstrated that a combination of the conventional PHIP method with both 
lanthanide shift reagents and chiral solvating agents (SA) is possible. In general the 
diamagnetic chiral SAs are more suited for this purpose, despite the fact that they 
induce a lower enantiomeric non-equivalence than the chiral LSRs. The application of 
chiral LSRs is mainly limited due to shortening of the spin-lattice relaxation times of all 
components of the systems which is highly unfavorable for PHIP.17  
 
Figure 6.3 Discrimination of enantiomers with chiral-SABRE complexes.  
Figure 6.3 depicts the formation of diastereoisomeric complexes when our chiral 
ligand is used in combination with a chiral substrate and an excess of co-substrate. The 
depicted ligand act as a chiral fence; the right side points upward from the plane, while 
the left side is directed to the back. In case we use a small co-substrate (e.g. red 
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rectangle); this will selectively coordinate to the right side of the molecule (most 
crowded coordination site), as this will result in fewer unfavorable steric interactions 
compared to a substrate molecule at this position. The chiral substrate of interest will 
then coordinate on the left side of the metal and in such a way that the steric 
interaction with the co-substrate and hydrides is also minimized (see also Chapter 5).8 
This results in a situation as depicted in Figure 6.3. In the case of the R-enantiomer 
(Figure 6.3A), the yellow triangle points to the back, towards the hydride. On the 
contrary, when the S-enantiomer is coordinated to the metal, the pink circle is directed 
to the back (Figure 6.3B). These two situations will lead to spatially different 
environments for the hydride and this is hopefully reflected in a difference in chemical 
shift. Subsequently, the integrals of the hydride signals can be used to determine the 
enantiomeric excess (ee) in a mixture. The envisioned strategy might fail when the 
substituents of the chiral substrate are too similar or when the steric bulk of the ligand 
is not large enough to promote selective binding of the substrate of interest. 
To investigate this concept, a sample was prepared containing 4 mM of the 
conventional [Ir(IMes)(COD)(Cl)] catalyst and 40 mM (S)-nicotine (S-ni), which was 
subsequently activated with hydrogen. Due to coordination of three chiral substrates, 
the hydrides in [Ir(H)2(IMes)(S-ni)3]+ become diastereotopic. Therefore not a singlet 
signal for the hydrides was observed (e.g. Figure 6.2A), but a broad triplet-like signal 
instead (Figure 6.4A). The signal corresponds to two overlapping double doublets, 
whereby the diastereoisomers are apparently present to different extents. Next, a 
sample containing 1 mM [Ir(SICyNap)(COD)Cl] catalyst and 10 mM S-ni was investigated. 
The formation of diastereoisomers is in this case more pronounced due to the racemic 
nature of the naphthyl-derived ligand: two conformations can be assumed namely 
“RSSS” and “SSSS” (Figure 6.4B). Both are visible and the signals of each diastereoisomer 
are resolved. When the temperature was lowered to 283 K also the JAX coupling was 
observed (δ -21.20, -23.24, J = 7.7 Hz; -21.38, -23.18, J = 7.5 Hz). We also briefly explored 
samples containing [Ir(SICyNap)(COD)Cl], S-ni and Py as co-substrate. However, due to 
the formation of several species and associated diastereoisomers, interpretation of the 
spectra was challenging as a result of signal overlap so that no clear conclusions could 
be drawn from these first experiments. 
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Figure 6.4 1H NMR spectra zoomed in on the hydride region (600 MHz, 298 K, NS = 32) of A) 
[Ir(H)2(IMes)(Ni)3] (NS = 16); B) [Ir(H)2(SICYNap)(Ni)3]+; C) [Ir(H)2(SICYNap)(Ni)3]+ (283 K). 
 
In order to demonstrate a ‘proof of principle’ of the abovementioned hypothesis, it is 
crucial to obtain an enantiopure metal complex. Our racemic metal complexes can 
potentially be purified by preparative chiral column chromatography which is, 
however, not trivial. Therefore we also looked into the possibility to perform an 
enantioselective synthesis of the metal complex. There are several ways to introduce a 
chiral center in a NHC ligand, but there are only a few other examples which contain an 
element of planar chirality (see Gade et al.18 for an overview of chiral NHC ligands). One 
set of examples include [2.2]paracyclophane-derivatives which have been claimed to be 
coordinated to metal ions in catalysts and showed activity in various asymmetric 
reactions.19-23 Furthermore, both enantiomers of the 4,5-dihydro-1,3-bis-
([2.2]paracyclophan-4-yl) imidazolinium salt are commercially available and were 
expected to give a quick entry to enantiopure iridium catalysts (Figure 6.5). 
Unfortunately, coordination of this ligand to iridium with the standard procedures 
(deprotonation with base, transmetallation with silver oxide) failed. Similar procedures 
were also used in the earlier reported literature examples;19-22 however, in those cases 
the catalyst was generated in situ and directly used for catalysis, without further (full) 
characterization of the catalyst. We observed hydrolytic ring opening of the 
imidazolinium salt under these conditions (Figure 6.5). This result is in accordance with 
a report of Green et al.,24 who concluded that these particular NHC ligands are highly 
susceptible to moisture. It is assumed that hydrolysis occurs either by insertion of the 
generated carbene or carbene dimer into the H-OH bond of a water molecule, or by the 
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stepwise protonation of the carbene followed by hydroxide addition. The resulting 
cyclic α-diaminomethanol then undergoes ring opening to the N-
formylethylenediamine.25-29 It might, however, still be possible to prepare iridium 
complexes from the aromatic (imidazolinium) analogues of the cyclophan ligands. From 
hydrolysis studies26,27 it is known that imidazol-2-ylidenes are far less sensitive towards 
trace amounts of water; the difference in reactivity is attributed to the lower acidity of 
the C-H proton of the imidazolinium salt.25,30 
 
Figure 6.5 Chiral [2.2.]paracyclophane imidazolinium salts are prone to hydrolytic ring opening. 
6.3 Conclusion 
Ligand-induced asymmetry in SABRE catalysts was obtained in [Ir(NHC)(COD)Cl] 
complexes with NHC ligands decorated with substituted naphthyl groups. This type of 
ligands form atropisomers, and this is also reflected in the resulting metal complex. The 
desired rac-complexes could be obtained by selective crystallization and the structure 
was unambiguously determined by X-ray crystallography. Both synthesized catalysts, 
[Ir(SICyNap)(COD)Cl] and [Ir(SIPrNap)(COD)Cl], were capable of performing SABRE and 
the formation of two doublet hydride signals confirms the formation of an active 
asymmetric complex while using one substrate. These complexes are potentially 
suitable for dedicated NMR experiments in which the weak long-range scalar coupling 
between the p-H2 derived hydrides and substrate nuclear spins can be determined. The 
C2 symmetry also gives rise to an axial chirality. We hope to exploit this feature for the 
discrimination of enantiomers with 1H NMR in the future. For a proof of principle, 
however, an enantiopure catalyst is required. The first attempt to synthesize such a 
catalyst with an enantiopure cyclophane NHC ligand was not successful, the extreme 
water sensitivity resulted in hydrolytic ring opening.  
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6.5 Experimental 
6.5.1 General Procedures 
The general procedures as described in Chapter 2 are also applicable for the work 
performed in this Chapter. Crystallographic analysis and SABRE experiments were 
performed as respectively described in Sections 2.4.4 and 2.4.6. The determination of the 
steric parameter and calculation of signal enhancement factors were performed 
according to sections 2.4.6 and 2.4.8.  
Abbreviations: ICyMes, 3-cyclohexyl-1-mesitylimidazolium; LSR, lanthanide shift 
reagent; SICyNap, 1,3,-bis(2-cyclohexylnaphthalen-1-yl)-4,5-dihydro-imidazolium; 
SIPrMes, 3-(2,6-diisopropyl-phenyl)-1-mesityl-4,5,-dihydro-imidazolium; SIPrNap, 1,3-
bis(2,7-diisopropylnaphthalen-1-yl)-4,5-dihydro-imidazolium; SA, solvating agent; ni, 
nicotine.  
6.5.2 Synthetic procedures  
Synthesis of [Ir(SIPrMes)(COD)(Cl)] 
This complex was synthesized according to Method A as described in section 2.4.2. The product 
was obtained as an orange solid (222 mg, 62.4 %). Rf = 0.42 EtOAc/Heptane 1/4; 1H NMR (400 
MHz, CDCl3) δ 7.39 (t, J = 7.70 Hz, 1H), 7.31 (dd, J = 1.40, 7.75 Hz, 1H), 7.19 (dd, J = 1.40, 7.60 Hz, 1H), 
6.96 (d, J = 6.10 Hz, 2H), 4.23-4.18(m, 1H), 4.15-4.10 (m, 1H), 3.89-3.83 (m, 4H), 3.77 (q, J = 1.40, 6.76 
Hz, 1H), 3.09 (q, J = 1.40, 6.76 Hz, 1H), 3.05-3.00 (m, 1H), 2.87-2.83 (m, 1H), 2.56 (s, 3H), 2.43 (s, 3H), 
2.31 (s, 3H), 1.82-1.72 (m, 2H), 1.40-1.20 (m, 2H), 1.48 (d, J = 6.57 Hz, 3H), 1.28 (d, J = 6.72 Hz, 3H), 
1.26 (d, J = 6.79 Hz, 3H), 1.17 (d, J = 6.88 Hz, 3H); 13C NMR (100 MHz, JMOD-APT, CDCl3) δ 207.15 (-), 
148.76 (-), 145.90 (-), 138.25 (-), 137.67 (-), 136.30 (-), 136.29 (-), 135.31 (-), 129.57 (+), 128.84 (+), 
128.35 (+), 124.91 (+), 123.50 (+), 85.15 (+), 83.07 (+), 54.74 (-), 53.71 (+), 51.61 (-), 49.27 (+), 34.51 (-), 
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31.98 (-), 29.87 (-), 28.49 (+), 28.45 (+), 27.13 (-), 26.84 (+), 26.44 (+), 24.61 (+), 23.17 (+), 21.10 (+), 
20.02 (+), 18.64 (+); HRMS (ESI+) calcd for C32H44ClN2Ir [M-Cl]+ 649.3133, found 649.3117.  
Synthesis of 3-cyclohexyl-1-mesitylimidazolium chloride  
According to a procedure of Queval et al.:31 in a flask were mixed 2,4,6-trimethylaniline (10 
mmol, 1.41 mL, 1.0 equiv.), cyclohexylamine (10 mmol, 0.99 mL, 1.0 equiv.) and acetic acid (45 
mmol, 2.66 mL, 4.5 equiv.) and the mixture was subsequently heated at 40 °C for 5 min (mixture 
A). In a second flask were added glyoxal (10 mmol, 1.14 mL, 1.0 equiv., 40 % wt in aqueous 
solution), formaldehyde (10 mmol, 0.74 mL, 1.0 equiv., 37 % wt in aqueous solution) and acetic 
acid (45 mmol,2.6 mL, 4.5 equiv.), next the mixture was heated at 40 °C for 5 min (mixture B). At 
40 °C, mixture B was added to mixture A and the resulting mixture was stirred at 40 °C for 10 
min and subsequently cooled down to room temperature. DCM (100 mL) was added and the 
organic layer was washed with water (200 mL) and brine (2 × 100 mL). The combined aqueous 
layers were extracted with DCM (100 mL). The combined organic layers were dried (MgSO4) and 
filtered, and the volatiles were evaporated. Ethyl acetate (20 mL) was added to the crude 
mixture and the resulting suspension was heated to reflux and then cooled down to 0 °C. The 
solid was filtered and washed with ethyl acetate (3 × 10 mL) then dried under reduced pressure 
to afford the expected asymmetrical chloride imidazolium salt as a off-white solid (0.8 g, 2.62 
mmol, 26%). 1H-NMR (400 MHz, CDCl3) δ 10.68-10.67 (m, 1H), 7.69-7.67 (m, 1H), 7.18-7.16 (m, 1H), 
7.01-7.00 (m, 2H), 5.11-5.04 (m, 1H), 2.34 (s, 3H), 2.30-2.24 (m, 2H), 2.08 (s, 6H), 1.95-1.76 (m, 5H), 
1.66-1.55 (m, 2H), 1.35-1.24 (m, 1H); 13C-NMR (100 MHz, CDCl3) δ 141.1, 138.3, 134.2, 130.8, 129.8, 
119.8, 118.1, 60.0, 33.8, 24.8, 24.7, 21.0, 17.6. Spectral data is in accordance with literature 
values.31  
Synthesis of [Ir(ICyMes)(COD)(Cl)] 
This complex was synthesized according to Method A as described in section 2.4.2. The product 
was obtained as a yellow solid (120 mg, 59%). Rf = 0.36 EtOAc/Heptane 1/4; 1H-NMR (400 MHz, 
CDCl3): δ 7.05 (d, J = 1.7 Hz, 1H), 7.01 (s, 1H), 6.90 (s, 1H), 6.74 (d, J  = 1.4 Hz, 1H), 5.60-5.52 (m, 1H), 
4.46-4.39 (m, 2H), 3.13-3.09 (m, 1H), 2.74-2.69 (m, 1H), 2.46-2.44 (m, 1H), 2.35 (s, 3H), 2.31(s, 3H), 
2.17-2.08 (m, 2H), 2.05-1.91 (m, 2H), 1.88 (s, 3H), 1.82-1.76 (m, 2H), 1.64-1.53 (m, 7H), 1.50-1.42 (m, 
2H), 1.29-1.23 (m, 1H), 1.19-1.09 (m, 1H); 13C NMR (100 MHz, JMOD-APT, CDCl3) δ 178.74 (-), 138.12 
(-), 136.70 (-), 135.61 (-), 134.04 (-), 129.10 (+), 127.61 (+), 122.59 (+), 116.81 (+), 82,38 (+), 82.91(+), 
60.06 (+), 51.24 (+), 49.85(+), 35.11 (-), 34.66 (-), 32.87 (-), 31.92 (-), 29.54 (-), 28.27 (-), 25.64 (-), 
25.20 (-), 25.12(-), 20.74 (+), 19.22 (+), 17.48 (+). Spectral data is in accordance with literature 
values.31  
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Synthesis of [Ir(SIPrNap)(COD)(Cl)] 
This complex was synthesized according to Method A as described in section 2.4.2. The complex 
was obtained as a yellow solid (230 mg, 80.7%) and contained the rac- (Rf = 0.48, EtOAc/Heptane 
1/8) and meso- (Rf = 0.45) isomers in a 0.7 : 1.0 ratio. The rac-isomer was obtained by selective 
crystallization; a saturated solution in THF was prepared followed by slow vapour diffusion of 
pentane. This procedure was repeated several times to obtain the pure rac-isomer. The obtained 
crystals were used for X-ray crystallography. A small quantity of the meso-isomer was obtained 
after column chromatography and crystallized by slow vapor diffusion of pentane in DCM. The 
crystallographic data of the meso-complex is not of publishable quality and this is also reflected 
in the observed disorder of the isopropyl group (Table 6.3). 
Rac-isomer: 1H-NMR (400 MHz, CDCl3): δ 8.21-7.41 (series of m, 10H), 4.32 (br. s, 4H), 4.03-3.66 
(series of m, 3.5H), 3.25-3.08 (m, 3H), 2.67-2.65 (m, 1H), 1.76-1.26 (series of m, 24H), 1.18-0.99 (m, 
4H); 13C NMR (100 MHz, JMOD-APT, CDCl3) δ 210.16 (-), 146.63 (-), 146.22 (-), 146.10 (-), 142.62 (-), 
133.61 (-), 133.28 (-), 131.72 (-), 131.53 (-), 131.40 (-), 131.01, 129.06 (+), 128.58 (+), 128.42 (+), 
127.25 (+), 125.97 (+), 125.26 (+), 124.14 (+), 123.27 (+), 122.30 (+), 119.00 (+), 84.48 (+), 82.96(+), 
53.86 (-), 53.48 (-), 51.90 (+), 51.20 (+), 34.43 (+), 34.29 (+), 33.55 (-), 32.42 (-), 29.20 (+), 28.85 (+), 
28.50 (-), 28.03 (-), 26.33 (+), 26.04 (+), 24.00 (+), 23.42 (+), 23.29 (+), 22.43 (+); HRMS (ESI+) calcd for 
C43H50ClN2Ir [M-Cl]+ 787.3603, found 787.3596. The crystal structure has been deposited in the 
Cambridge Crystallographic Data Centre and is available free of charge: CCDC 1428541. 
 
Meso-isomer: 1H-NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.8 Hz, 1H, CHAr), 7.88 (d, J = 8.5 Hz, 1H, CHAr), 
7.73 (br. s., 1H, CHAr), 7.58 (d, J = 8.6 Hz, 1H, CHAr), 7.45 (dd, J = 8.4, 1.6 Hz, 1H, CHAr), 4.38– 4.29 (m, 
2H, NCH2-CH2N), 4.27-4.18 (m, 2H, NCH2-CH2N), 4.02 (p, J = 6.7 Hz, 2H, CHIPr), 3.95-3.95 (m, 2H, 
CHCOD), 3.18 (p, J = 6.8 Hz, 2H, CHIPr), 2.72-2.67 (m, 2H, CHCOD), 1.60 (d, J = 6.5 Hz, 6H, CH3IPr), 1.40 (d, 
J = 6.9 Hz, 6H, CH3IPr), 1.39 (d, J = 6.9 Hz, 6H, CH3IPr) 1.27 (d, J = 6.9 Hz, 6H, CH3IPr), 1.21-1.10 (m, 2H, 
CH2COD), 1.06-0.98 (m, 2H, CH2COD), 0.81-0.75 (m, 4H, CH2COD); 13C NMR (100 MHz, JMOD-APT, CDCl3) 
δ 210.64 (-, N-C-N), 146.60 (-, CAr), 146.38 (-, CAr), 132.92 (-, CAr), 131.59 (-, CAr), 131.30 (-, CAr), 128.77 
(+, CHAr), 128.68 (+, CHAr), 124.28 (+, CHAr), 123.57 (+, CHAr), 120.32 (+, CHAr), 83.52 (+, CHCOD), 53.56 (-, 
CH2), 52.49 (+, CHCOD), 35.54 (+, CH(CH3)2), 32.70 (-, CH2COD), 28.78 (+, CH(CH3)2), 28.08 (-, CH2COD), 
26.30 (+, CH(CH3)2), 24.67 (+, CH(CH3)2), 23.67 (+, CH(CH3)2), 23.37 (+, CH(CH3)2).  
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Table 6.3 Crystallographic analysis of rac and meso-[Ir(SIPrNap)(COD)(Cl)] complexes 
Rac-[Ir(SIPrNap)(COD)(Cl)] Meso-[Ir(SIPrNap)(COD)(Cl)] 
  
Distances (Å) /Angles (⁰) Distances (Å) /Angles (⁰) 
Ir-CNHC 2.051 Ir-CNHC 2.038 
Ir-CCOD 2.107, 2.125, 2.173, 2.190 Ir-CCOD 2.108, 2.111, 2.176 2.180 
Ir-Cl 2.356 Ir-Cl 2.349 
∠ N-Ccarbene-N 106.4 ∠ N-Ccarbene-N 107.2
o 
∠ Cligand-N-Ccarbene 128.5/130.5 ∠ Cligand-N-Ccarbene 127.7
o / 129.5o 
%Vbur 34.1 %Vbur 34.6 
ORTEP plots of the crystallized complexes (color code: yellow, iridium; green, chloride; blue, 
nitrogen; grey, carbon), ellipsoids are set at 50 % probability, hydrogen atoms are omitted for 
clarity. Rac-[Ir(SIPrNap)(COD)(Cl)] is identical as in Table 6.2. 
 
Synthesis of [Se(SIPrNap)] 
The general procedure, as described in section 2.5.3, for the synthesis of [Se(NHC)] complexes 
was followed. A mixture of atropisomers (ratio 1 : 1.49) was obtained as an offwhite solid (34 mg, 
69%). HRMS (ESI+) calcd for C35H42N2Se [M+H]+ 571.2591, found 571.2585. 
Major isomer: 1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 8.6 Hz, 2H, CHAr), 7.82 (d, J = 8.7 Hz, 2H, 
CHAr), 7.68 (s, 2H, CHAr), 7.51 (d, J = 8.4 Hz, 2H, CHAr), 7.40 (dd, J = 8.4, 1.6 Hz, 2H, CHAr), 4.42-4.34 
(m, 2H, NCH2-CH2N), 4.24-4.18 (m, 2H, NCH2-CH2N), 3.59 (sept, J = 6.9 Hz, 2H, CH(CH3)2), 3.13 (sept, 
J = 6.8 Hz, 2H, CH(CH3)2), 1.42 (d, J = 6.8 Hz, 6H, CH3), 1.37-1.29 (multiple overlapping d, 18H, CH3); 
13C NMR (100 MHz, CDCl3) δ 184.04 (N-C-N), 147.50 (CAr), 144.82 (CAr), 132.40 (CAr), 131.97 (CAr), 
130.28 (CAr), 129.12 (CHAr), 128.61 (CHAr), 126.07 (CHAr), 123.59 (CHAr), 118.92 (CHAr), 51.13 (N-CH2-
CH2N), 34.43 (CH(CH3)2), 29.56 (CH(CH3)2); 24.34 (CH3), 24.23 (CH3), 23.82 (CH3), 23.67 (CH3); 77Se 
NMR (76 MHz, CDCl3) δ 169.8 (s). 
 
Minor isomer: 1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 8.6 Hz, 2H, CHAr), 7.84 (d, J = 9.0 Hz, 2H, 
CHAr), 7.80 (s, 2H, CHAr), 7.50 (d, J = 7.8 Hz, 2H, CHAr), 7.43 (dd, J = 8.4, 1.6 Hz, 2H, CHAr), 4.48-4.44 
(m, 2H, NCH2-CH2N), 4.14-4.10 (m, 2H, NCH2-CH2N), 3.38 (sept, J = 6.9 Hz, 2H, CH(CH3)2), 3.20 (sept, 
J = 6.8 Hz, 2H, CH(CH3)2), 1.41 (d, J = 6.8 Hz, 6H, CH3), 1.37-1.29 (multiple overlapping d, 18H, CH3); 
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13C NMR (100 MHz, CDCl3) δ 184.25 (N-C-N), 147.63 (CAr), 144.75 (CAr), 132.85 (CAr), 131.92 (CAr), 
130.66 (CAr), 129.17 (CHAr), 128.76 (CHAr), 125.11 (CHAr), 123.72 (CHAr), 119.70 (CHAr), 51.30 (N-CH2-
CH2N), 35.02 (CH(CH3)2), 29.56 (CH(CH3)2); 24.40 (CH3), 24.35(CH3), 24.29 (CH3), 23.53 (CH3); 77Se 
NMR (76 MHz, CDCl3) δ 170.2 (s).  
Synthesis of [Ir(SICyNap)(COD)(Cl)] 
This complex was synthesized according to Method A as described in section 2.4.2. The complex 
was obtained as a yellow solid (218 mg, 76%) and contained the rac (Rf = 0.23, EtOAc/heptane 
1/8) and meso (Rf = 0.31) isomer. The rac-isomer was obtained by selective crystallization; a 
saturated solution in DCE was prepared followed by slow vapor diffusion of pentane. This 
procedure was repeated several times to obtain the pure rac-isomer. The obtained crystals were 
used for X-ray crystallography. A small quantity of the meso-isomer was obtained after column 
chromatography. 
Rac-isomer: 1H-NMR (400 MHz, CDCl3): δ8.61 – 8.56 (m, 1H, CHAr), 7.98-7.90 (series of m, 3H, CHAr), 
7.85-7.82 (series of m, 2H, CHAr), 7.66-7.48 (series of m, 6H, CHAr), 4.31-4.16 (m, 4H, NCH2-NCH2), 
3.98-3.93 (m, 1H, CHCOD), 3.81- 3.75 (m, 2H, CHCOD, CHCy), 3.26-3.17 (m, 1H, CHCy), 2.92-2.88 (m, 1H, 
CHCOD), 2.63-2.58 (m, 1H, CHCOD), 2.53-2.50 (m, 1H, CH2), 2.17-1.55 (series of m, 14H, CH2Cy), (series 
of m, 13H, CH2Cy, CH2COD); 13C NMR (100 MHz, JMOD-APT, CDCl3) δ 210.96 (-, N-C-N), 145.21 (-, CAr), 
141.50 (-, CAr), 134.48 (-, CAr), 133.93 (-, CAr), 132.99 (-, CAr), 132.94 (-, CAr), 131.54 (-, CAr), 131.15 (-, 
CAr), 129.04 (+, CHAr),128.65 (+, CHAr), 128.50 (+, CHAr), 127.48 (+, CHAr), 127.03 (+, CHAr), 126.23 (+, 
CHAr), 126.22 (+, CHAr), 126.19 (+, CHAr), 125.85 (+, CHAr), 125.07 (+, CHAr), 124.13 (+, CHAr), 122.97 (+, 
CHAr), 84.28 (+, CHCOD), 83.16 (+, CHCOD), 54.43 (-, NCH2-NCH2), 53.80 (-, NCH2-NCH2), 51.94 (+, CHCOD), 
51.56 (+, CHCOD), 40.42 (+, CHCy), 39.33 (+, CHCy), 36.89 (-, CH2), 36.50, (-, CH2)), 33.43 (-, CH2)), 32.47 (-
, CH2), 32.26 (-, CH2), 32.19 (-, CH2), 28.49 (-, CH2), 27.80 (-, CH2), 27.63 (-, CH2), 27.39 (-, CH2), 27.15 (-
, CH2), 26.45 (-, CH2), 26.30 (-, CH2), 26.21 (-, CH2); HRMS (ESI+) calcd for C43H54ClN2Ir [M-Cl]+ 
791.3916, found 791.3919. The crystal structure has been deposited in the Cambridge 
Crystallographic Data Centre and is available free of charge: CCDC 1428540. 
 
Meso-isomer:  1H-NMR (400 MHz, CDCl3): δ 7.97 (d, J = 8.4 Hz, 2H, CHAr), 7.92 (d, J = 6.8 Hz, 2H, 
CHAr), 7.91 (d, J = 6.5 Hz, 2H, CHAr), 7.63 (d, J = 8.7 Hz, 2H, CHAr), 7.63 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H, 
CHAr), 7.51 (ddd, J = 8.0, 6.8, 1.1 Hz, 2H, CHAr), 4.35-4.27 (m, 2H, NCH2-NCH2), 4.26-4.18 (m, 2H, 
NCH2-NCH2), 3.93-3.87 (m, 2H, CHCOD), 3.69-3.62 (m, 2H, CH(CH3)2), 2.63-2.58 (m, 2H, CHCOD), 2.55-
2.48 (m, 2H, CHCy), 1.95-1.56 (series of m, 9H, CHCy), 1.50-1.26 (series of m, 9H, CH2Cy), 1.15-1.05 (m, 
2H, CH2COD), 1.03-0.95 (m, 2H, CH2COD), 0.79-0.75 (m, 4H, CH2COD); 13C NMR (100 MHz, JMOD-APT, 
CDCl3) δ 210.64 (-, N-C-N), 145.30 (-, CAr), 133.54 (-, CAr), 132.81 (-, CAr), 131.40 (-, CAr), 128.71 (+, 
CHAr), 128.43, (+, CHAr), 126.40 (+, CHAr), 125.80 (+, CHAr), 125.17 (+, CHAr), 123.03 (+, CHAr), 83.31 (+, 
CHCOD), 53.83 (-, NCH2-CH2N), 52.55 (+, CHCOD), 39.43 (+, CHCy), 37.28 (-, CH2), 32.99 (-, CH2COD), 32.36 (-
, CH2), 28.29 (-, CH2COD), 27.84 (-, CH2), 26.65 (-, CH2), 26.45 (-, CH2).  
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Synthesis of [Se(SICyNap)] 
The general procedure, as described in section 2.5.3, for the synthesis of [Se(NHC) complexes 
was followed. The mixture of atropisomers was obtained as an offwhite solid (24 mg, 49%). 
1H NMR (400 MHz, CDCl3) δ 8.00-7.98 (m, 0.85 H), 7.92-7.87 (series of m, 5.10 H), 7.67 (ddd, J = 8.3, 
6.9, 1.2 Hz, 0.85 H), 7.60-7.55 (series of m, 3.20 H), 7.51-7.47 (series of m, 2H), 4.40-4.32 (series of 
m, 2H), 4.22-4.11 (series of m, 2H), 3.13-3.03 (m, 2H), 2.38-2.77 (series of m, 2H), 2.06-1.51 (series 
of m, 18H); Major isomer, 13C NMR (100 MHz, CDCl3) δ 184.05 (-), 143.81 (-), 133.22 (-), 132.67 (-), 
130.16 (-), 129.19 (+), 128.64 (+), 126.49 (+), 125.67 (+), 125.28 (+), 122.74 (+), 51.48 (-), 40.68 (+), 
34.33 (-), 33.46 (-), 27.60(-), 27.35 (-), 26.37 (-); Minor isomer δ 184.27 (-), 144.08 (-), 133.29 (-), 
132.89 (-), 130.31 (-), 129.26 (+), 128.70 (+), 127.34 (+), 125.64 (+), 125.35 (+), 122.87 (+), 51.37 (-), 
40.19 (+), 34.96 (-), 33.05 (-), 27.45 (-), 26.97(-), 26.23 (-); Isomer assignment is based on signal 
intensity; 77Se NMR (76 MHz, CDCl3) δ 174.3 (s), 164.1 (s); HRMS (ESI+) calcd for C35H38N2Se [M+H]+ 
567.22078, found 567.2274. 
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7.1 Introduction 
The production of chemicals is generally accomplished by using batchwise processes 
and the quality of the product is most often evaluated after the reaction has finished by 
standard analytical techniques. This conventional approach has been successfully 
utilized in a vast amount of industrial scale processes, but without real time monitoring 
the chemical process in fact is a black box. Real-time analytical techniques can improve 
process control as well as reproducibility and hence product quality, as they provide 
real time information which can potentially be used to directly adjust the process via a 
feedback loop.1,2 The same holds for in-line analysis of reactions performed in 
continuous flow. Continuous flow can offer several advantages over the traditional 
batchwise process such as improved heat and mass transport, enhanced safety of highly 
exothermic, hazardous or explosive reactions, and improved yield and 
chemoselectivity.3-8 In recent years several analytical (spectroscopic) techniques such as 
UV-VIS,9 IR,10-12 Raman,13,14 and MS15,16 have been integrated in continuous flow 
systems.17 Despite the fact that NMR is one of the most powerful spectroscopic 
techniques, the utilization of in-line NMR has been delayed as it imposes high demands 
on the probe design, especially for mass-limited samples as in (micro)flow chemistry. Up 
till now in most cases a bypass/on-line approach has been used in the current examples 
of flow NMR probes in high field.18-22 In addition, low-field spectrometers23-25 have been 
used, while for microfluidics special solenoidal microcoil, microstrip and microslot 
probes have been designed.26-29 The groups of Kentgens and Gardeniers30,31 jointly 
demonstrated that in situ monitoring of reactions is possible at high (sub-Hz) resolution 
with a microfluidic high-resolution NMR flow probe based on a novel stripline detector 
chip. More recently, a fully automated platform incorporating in-line low field NMR was 
presented by Sans et al.32 It provided further proof of the power of in-line NMR, as it 
allowed a variety of kinetic and mechanistic studies and self-optimization of the 
reaction. A major disadvantage of this benchtop NMR system that remains, however, is 
the intrinsically low sensitivity and resolution.  
Another opportunity for in-line NMR lies in hyphenation i.e. coupling with a 
chromatographic technique such as High Pressure Liquid Chromatography (HPLC) or 
Supercritical Fluid Chromatography (SFC). This is a potentially powerful combination 
for analytical chemistry because it allows NMR analysis of specific compounds in 
complex mixtures without laborious preparative separation and purification 
procedures. In these hyphenated NMR set-ups, sensitivity is one of the major challenges 
due to the generally limited quantities of sample that are available.  
It has been demonstrated that the sensitivity can be improved by using 
hyperpolarization. Amongst others, the groups of Bowers33-36 and especially Koptyug,37-40 
published several interesting articles in which PHIP is used for mechanistic NMR 
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studies41-44 and MR imaging.45-49 In most cases a biphasic reaction at high temperatures is 
employed; a mixture of p-H2 and a gaseous substrate (e.g. propene, propyne) is passed 
over a heated packed-bed reactor containing a heterogeneous catalyst, after which the 
output is investigated with on-line NMR or MR imaging. In this Chapter, we have 
focused on the development of a novel system that is capable of performing 
hydrogenative PHIP in the liquid phase. An essential element of this system is a Tube-in-
Tube (TiT) reactor as developed by the group of Ley,50,51 with which gases can be 
efficiently dissolved in liquids and which has been employed in several reaction types 
including ozonolysis,50 hydrogenation52,53 and carboxylation.11,54-56 A TiT reactor is part of 
a commercially available gas module57 and was connected with the aforementioned 
high-resolution NMR flow stripline probe.31 This set-up was used to investigate the 
possibility of application of PHIP in continuous flow. It was envisioned that PHIP can 
benefit from the advantages that flow chemistry offers, as it requires an efficient mixing 
of hydrogen gas, substrate and catalyst and high yield in a short period of time. We 
aimed to continuously produce hyperpolarized substrates, which can subsequently be 
detected with high resolution and excellent signal-to-noise ratio using the novel in-line 
stripline NMR detector chip. 
7.2 Results and discussion 
7.2.1 Setup of the system 
We investigated both a homogeneously and a heterogeneously catalyzed hydrogenation 
reaction with in-line NMR analysis. The two setups are schematically depicted in Figure 
7.1. In a first feed, a solution containing the homogeneous catalyst (e.g. 
[Ir(IMes)(COD)(Cl)]) is saturated with hydrogen in the TiT reactor in the gas module 
(Figure 7.1A). Next, the solution is pumped into the NMR flow probe. Before entering 
the stripline detection chip, a second feed containing the substrate (e.g. styrene) is 
mixed in via a T-splitter, after which the hydrogenation can start. The reaction can 
proceed for a short period of time (depending on the inserted tube length and flow 
rate), before it is analyzed on the NMR chip. At the end of the line, a back pressure 
regulator (BPR) is present to force the gas through the membrane and keep it dissolved 
in the solution at elevated pressure. After passing the BPR, outgassing can take place 
and the reaction mixture is collected in a flask. The second setup is comparable, but 
utilizes a single substrate feed with an immobilized catalyst contained in a packed-bed 
reactor (PBR) which is mounted before the stripline detection chip (Figure 7.1B).  
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In many PHIP studies36,58-61 styrene has been used as a model substrate and was therefore 
also selected as the substrate of choice for our exploratory experiments. 
 
Scheme 7.1 Schematic setup of the homogeneously (A) and heterogeneously (B) catalyzed 
hydrogenation reaction of styrene with in-line NMR analysis. 
 
The efficiency of reactions requiring a gaseous reagent often depends on the quantity 
of solubilized gas in the reaction medium, especially in the case of gases with low 
solubility such as hydrogen or carbon monoxide.62 According to Henry’s law,63 the 
amount of dissolved gas is proportional to its partial pressure in the gas phase. The 
proportionality factor is called Henry’s law constant, which is dependent of the 
temperature. This results in the requirement of high pressures to maintain the same 
concentration of dissolved gas when reaction temperatures are increased, especially 
when the boiling point of a solvent is approached.  
The TiT reactor consists of amorphous fluoropolymer (Teflon AF-2400) membrane 
tubing, which is inserted in the longitudinal direction of wider bore non-permeable 
PTFE tubing (Figure 7.1, insert). The Teflon AF-2400 tubing has a high permeability for 
gases, yet is non-permeable for liquids. When pressure is applied, the gas can easily 
diffuse through the membrane and enables the formation of microbubbles on the outer 
walls of the tubing. These bubbles are then quickly dissolved into the liquid stream. As 
the Teflon tubing has a relative large surface area and small cross-sectional diameter, 
the liquid stream can be rapidly and efficiently saturated with gas.56,64 
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7.2.2 Homogeneously catalyzed hydrogenation in flow 
First, a quick optimization of the reaction conditions was performed wherein the 
conversions of styrene to ethylbenzene by the [Ir(IMes)(COD)Cl] catalyst were 
determined by gas chromatography (GC). In general, we observed that higher pressures 
and longer reaction times led to higher conversions. A limitation of the gas module is 
that the pressure can only be increased to a maximum of 13.8 bar. This was, however, 
not the rate limiting factor. At most flow rates oversaturation (i.e. formation of plug 
flow) occurred at pressures of 7.5 bar and higher. At a flow rate of 60 μL/min and a 
pressure of 7.25 bar, a conversion of 60% could be reached. The conversion dropped to 
40% when the flow rate was increased to 100 μL/min, which is the highest flow rate that 
can be used in this stripline flow NMR probe. Such a high flow rate also causes a short 
residence time in the stripline detector, implying a faster decay of the Free Induction 
Decay (FID) which results in line broadening and consequently decrease of resolution. 
On the other hand, the continuous flow situation also has an advantage. As the sample is 
continuously replenished, fast acquisition can take place since it is no longer necessary 
to wait till the nuclei are fully relaxed. In Figure 7.1 we show that high resolution 
spectra of the continuous flow hydrogenation reaction can be acquired. Under the 
applied reaction conditions (e.g. 60 μL/min and 6.5 bar) a conversions of 46% was 
obtained. 
 
Figure 7.1 In-line NMR spectrum (600 MHz, 256 scans) of the homogeneously catalyzed 
hydrogenation of styrene (50 mM) to ethylbenzene. The most important resonances are color 
coded. A conversion of 46% was obtained at a total flow rate of 60 μL/min and 6.5 bar of 
hydrogen pressure. 
To evaluate the potential of this setup for real time reaction monitoring, we set up an 
array of experiments, in which continuous data acquisition took place. The data were 
recorded in groups of 16 subsequent scans, which were averaged to obtain spectra with 
reasonable signal to noise ratio. The results after processing the spectra are depicted in 
Figure 7.2. 
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Figure 7.2 Real time reaction monitoring of the homogeneously catalyzed hydrogenation of 
styrene to ethylbenzene. The signal intensity was corrected for the number of protons. The 
following chemical shifts were used: δ 0.00 (s, 12H, CH3, TMS), 2.1 -2.4 (s, 18H, CH3, catalyst), 2.67 
(2H, CH2, ethylbenzene), 4.65 (s, 2H, H2), 5.73 (1H, CH, styrene). Reaction conditions are the same 
as in Figure 7.1. 
 
After switching on the pumps, all signal intensities are low as it requires some 
amount of time before the two feeds with substrate, hydrogen and catalyst, reach the 
stripline NMR detector. Subsequently, the progress of the reaction can be monitored in 
real time, showing a decrease over time in the concentration of styrene, and an increase 
in ethylbenzene. Although there are large fluctuations in the signal intensities, one can 
also see that after a while (500 s) the reaction stabilizes (Figure 7.2). The TMS 
(tetramethylsilane) and catalyst signals appear to be more stable compared to 
hydrogen, styrene and ethylbenzene. These observations are, however, somewhat 
distorted. The smaller fluctuations are the result of a relatively more accurate 
determination of the TMS and catalyst signal intensities, because of a better signal-to-
noise-ratio due to the larger numbers of protons. An explanation for the signal 
fluctuation was initially sought in irregular mixing of the two feeds. This was, however, 
ruled out by normalization of the signal intensity of TMS (not shown). Furthermore, 
such large fluctuations were not observed in preliminary experiments in which the 
conversion was monitored by GC. An important difference between the two is that 
sample collection for GC takes a few minutes, leveling off potential fluctuations, while 
the NMR measurements take place on a much shorter time scale, making that 
fluctuations on a similar time scale will become visible. In addition, the signal-to-noise 
ratio is inversely proportional to the relative standard deviation of the signal amplitude. 
If the conversions indeed differ at these time scales, this deviation will be large and have 
also a detrimental effect on the accurate determination of the signal integrals. 
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We therefore reasoned at this point that the observed fluctuations were mainly the 
result of deviations in the influx of hydrogen into the system caused by malfunctioning 
of the backpressure regulator. This hypothesis was strengthened by the observation 
that the outgassing process was also not constant. In the normal situation while passing 
through the BPR, there is a drop in pressure resulting in formation of hydrogen gas 
bubbles and consequently formation of a plug flow (i.e. alternating plugs of gas and 
liquid). In order to better visualize this outgassing process, we increased the contrast by 
addition of a food coloring agent to the solution and incorporated a standard 100 μL 
microreactor chip in line after the BPR (Figure 7.3). While running the hydrogenation, 
every 15 minutes a photograph was taken of the chip, clearly showing that the 
outgassing decreases over time. Not captured in this series of pictures is that at 
irregular intervals an outburst of hydrogen gas (i.e. a large series of small gas bubbles in 
a short period of time) can occur. 
 
Figure 7.3 Outgassing of hydrogen gas (7 bar, flow rate 80 μL/min) at intervals of 15 minutes. A) 
0 min; B) 15 min; C) 30 min; D) 45 min. 
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7.2.3 Heterogeneously catalyzed hydrogenation in flow 
Similar results were obtained for the setup with only one feed containing the substrate 
(e.g. styrene) and a cartridge made of Teflon tubing loaded with heterogeneous PdEncat® 
catalyst (Scheme 7.1B). Again an in-line spectrum was acquired from the reaction, which 
illustrates the high resolution and reasonable signal-to-noise ratio that are obtained 
(Figure 7.4). Based on the integrals, a conversion of 50% was obtained at a flow rate of 
100 μL/min and 6.5 bar of hydrogen pressure. The bump in background signal was 
inherent to the stripline NMR chip. It is assumed that the signal originates from fatty 
acid residue/grease of the hand of the experimenter on the capillary during assembly of 
the stripline NMR probe. 
 
Figure 7.4 In-line NMR spectrum (600 MHz, 64 scans) of the heterogeneous catalyzed 
hydrogenation of styrene (50 mM) to ethylbenzene. Most important protons have been color 
coded. A conversion of 50% was obtained at a flow rate of 100 μL/min and 6.5 bar of hydrogen 
pressure.  
The heterogeneously catalyzed flow reaction was also followed quantitatively in time 
using in-line NMR. Using identical acquisition conditions as described in the previous 
section similar behavior was observed. After switching on the pump, the reaction was 
monitored and after approximately 25 min a stationary situation was established. The 
degree of fluctuation in conversion was again relative large and was accounted for by 
the irregular influx of hydrogen gas into the system as previously discussed (Figure 7.5).  
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Figure 7.5 Real time reaction monitoring of the heterogeneously catalyzed hydrogenation of 
styrene to ethylbenzene. Reaction conditions are identical as in Figure 7.4. 
7.2.4 Experiments with para-hydrogen 
Both sets of experiments have also been performed with p-H2 (Scheme 7.1), in an 
attempt to realize a continuous state of hyperpolarization in the flow system. 
Unfortunately, in these test experiments we were unable to detect any 
hyperpolarization. This is perhaps not too surprising, because detection of 
hyperpolarization in continuous flow is difficult since reaction time, conversion, 
catalyst concentration, relaxation time and time to detection all need to be in the right 
regime. In addition, in all experiments described in this chapter, we did not degas any of 
the solutions. This generally results in short T1 values (between 4.2 and 5.7 s) and 
therefore shorter relaxation times. Furthermore, we suspect that, during transport from 
the gas module to the NMR, p-H2 is already completely converted by the catalyst to o-H2 
before the hydrogenation reaction takes place. To avoid this, the substrate and catalyst 
feed were changed, i.e. the substrate solution was saturated with hydrogen gas. Under 
the same conditions, lower yields were obtained, presumably because catalyst activation 
was not complete at these time scales and still no hyperpolarization was observed. In 
case of the heterogeneously catalyzed reactions, we did not expect to see any 
hyperpolarization. The currently used PdEncat® catalyst operates via the Horiuti-
Polanyi mechanism65,66 and therefore does not give pair-wise addition of hydrogen to 
styrene which is required for hyperpolarization. 
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7.3 Conclusion 
In this chapter we demonstrate the first example of a gas-liquid reaction which is 
directly monitored by high resolution NMR. In our view, the first preliminary results are 
promising, but the setup needs to be improved to guarantee a constant influx of 
hydrogen into the system, which is a technical issue and not an intrinsic drawback. 
Once this is resolved, the setup may provide the opportunity to investigate PHIP 
reactions further in this system. It will be a challenge, however, to optimize all reaction 
parameters such that hyperpolarization can be realized and also measured. In addition 
there is a need for dedicated research towards suitable heterogeneous catalysts capable 
of performing PHIP at ambient temperatures in liquids. All in all, we are optimistic that 
in the (near) future a flow of hyperpolarized molecules can be generated and detected 
with the system illustrated in this chapter. 
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7.5 Experimental  
Abbreviations: BPR, back pressure regulator; ETFE, ethylene-tetrafluoroethylene; FEP, 
fluorinated ethylene propylene; FID, free induction decay; GC, gas chromatography; IR, 
infrared; MS, mass spectroscopy; PBR, packed-bed reactor; PEEK, polyether-ether-
ketone; PTFE, polytetrafluoroethylene; TiT, tube-in-tube; TMS, tetramethylsilane; UV-VIS, 
ultraviolet-visible. 
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7.5.1 Performing gas-liquid reactions in flow 
Schematic representations of the different set-ups are given in Scheme 7.1. The gas 
module (FutureChemistry, B-480) was used to saturate the solvent with gas in the TiT 
coil (Figure 7.6). It is possible to use a gas flow controller, but we controlled the process 
with a pressure regulator on the (p-)H2 gas cylinder. The presaturated solvent 
containing substrate or catalyst was then pumped (FutureChemistry B-230 pumps) to 
the NMR flow probe. In the case of heterogeneous catalysis a cartridge was placed 
directly before the NMR detection chip. For homogeneously catalyzed reactions, a 
second stream containing the catalyst or substrate was mixed in via a T-splitter (ETFE 
Tee, P-632, Upchurch Scientific) and then connected to the in-line NMR system. A back 
pressure regulator (FutureChemistry, B-444) was connected end of-line to keep the gas 
dissolved in the solution at elevated pressure and force the gas through the membrane 
into the solution. All other connections between the gas flow module and stripline NMR 
were made out of ETFE tubing (1/16”, 0.010”) or fused silica capillaries (250 I.D., 360 O.D., 
Polymicro Technologies) and standard PEEK or ETFE fittings and adapters (Upchurch 
Scientific). The gas/liquid flow was started and stabilized as described in the 
FutureChemistry Operator manual. 
 
Figure 7.6 Gas flow module (FutureChemistry B.V.). 
7.5.2 Preparation of packed-bed reactors 
Polyurea beads of ~180 μm diameter with encapsulated Pd(0) nanoparticles (~2 nm) 
(PdEnCat®30, Reaxa Ltd) were trapped inside a Teflon tube with a cotton plug at either 
end. A small stainless steel needle was placed behind the cotton plug to prevent catalyst 
leaching (Figure 7.7A). The Teflon tubing has an internal volume of 25 μL (Ø 0.8 mm, 
length 5.5 cm) which corresponds to a reaction time of approximately 25 s at a flow rate 
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of 100 μL/min. According to this procedure, also a stainless steel capillary was prepared 
as a cartridge (Figure 7.7B). The internal volume was 40 μL (Ø 0.5 mm, length 20 cm), 
which corresponds to a reaction time of 40 s at a flow rate of 100 μL/min. This stainless 
steel cartridge is more robust than the one made of Teflon tubing and can withstand 
pressures up to 200 bar. It is also possible to fill a commercial cartridge (Omnifit 
Benchmark (6.6 mm, 60 bar)) with immobilized catalyst (Figure 7.7C). In all cases the 
cartridge is directly mounted before the stripline detector chip.  
 
Figure 7.7 Packed-bed reactors. A) PdEnCat® packed in Teflon tubing; B) Stainless steel capillary; 
C) Commercial cartridge mounted directly on the flow probe with stripline detector chip 
(enlarged). 
7.5.3 NMR flow probe with stripline detector chip 
Another key component of the system is the stripline NMR probe, developed in the 
groups of Kentgens and Gardeniers.30,31 It was demonstrated that a sensitivity of 0.47 
nmol/√Hz and a resolution of 0.7 Hz can be obtained. Experience learned, however, that 
spectral resolution becomes less for flow rates higher than 100 µL/min. This limits the 
lower range of the reaction time for optimization. The probe was fitted with a tapered 
stripline chip with a constriction length of 15 mm and a 5 to 1 mm wide taper. The chip 
was made by applying a copper layer to a 500 µm thick fused silica wafer using 
photolithography, magnetron sputtering and electroplating. The chip was implemented 
as a short in a 3/4λ resonator at 600 MHz. To monitor homogeneous reactions, no 
adaptation of the probe was required since the tubing could be directly coupled to the 
capillary situated in the channel of the stripline. For the heterogeneous reaction, the 
frame of the probe was elongated in order to mount the cartridge (Figure 7.7C). The 
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probe was placed in a 14.1T solid state NMR Oxford 600/89 magnet operated by Varian 
VnmrJ. For the measurements a Hahn echo pulse sequence (350 µs echo time) was used 
to acquire the spectra, instead of a conventional 90o read out pulse, as it eliminated 
broad background features and gave an improved baseline. Multiple scans were used to 
improve the signal to noise ratio. For the monitoring of reactions in time, an array of 
experiments was performed and for each data point 16 scans (0.5 s acquisition time and 
3.5 s recycle delay) were averaged.  
7.5.4 Sample preparation 
Solutions of 50 mM of styrene in CDCl3 were prepared and loaded in a gastight glass 
syringe (FutureChemistry, B247). For the homogenously catalyzed reactions, a solution 
of 5 mM [Ir(IMes)(COD)Cl] (synthesis is described in Chapter 2) in CDCl3 was prepared. 
Solutions were not degassed. 
7.5.5 Gas chromatography 
For a quick optimization of reaction conditions, conversions were determined by gas 
chromatography (GC). The measurements were performed on a Shimadzu GC2010+, 
containing an Agilent DB-1 column using (30 m, 0.32 mm ID) using FID detection. The 
following method was used, 40o C for 6 min followed by an increase to 250 oC in 4 min 
and an additional 2 min at 250 oC; RTethylbenzene: 3.08 min, RTstyrene: 3.71 min.   
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8.1 Summary 
Medical diagnostics play an important role in healthcare. Earlier detection of diseases 
does not only lead to an improvement in patient care but also aids in reducing the costs 
of healthcare through more effective treatments. Modern diagnostic tests rely in most 
cases on the identification and quantification of biomarkers in body fluids. Nuclear 
Magnetic Resonance (NMR) offers an analytical platform with unique advantages, that 
permits detection of the largest number of metabolites with the greatest chemical 
diversity in human urine compared to other methods.1 The development of NMR as a 
medical diagnostic tool has been hampered, however, by its relatively low sensitivity. 
This thesis describes from a chemical perspective the development of innovative 
hyperpolarization strategies, which increase the sensitivity of NMR and may eventually 
broaden its applicability in diagnostics and metabolic tracing in body fluids.   
The most applied approach to create hyperpolarization in this thesis is Signal 
Amplification By Reversible Exchange (SABRE). This methodology is based on the 
reversible interaction of a substrate and para-hydrogen (p-H2) in the coordination sphere 
of a metal complex in which the polarization is transferred via a transient scalar coupling 
network.  
 
Figure 8.1 Schematic representation of hyperpolarization transfer from p-H2 to pyridine (Py) 
through catalyst 1+, resulting in large signal enhancements in NMR (red) compared to thermal 
equilibrium (blue).  
In Chapter 2, a series of NHC-iridium complexes were synthesized, and the structure-
activity relationship between the steric and electronic properties of the N-heterocyclic 
carbene (NHC) ligand and the catalyst performance in SABRE was investigated (Figure 
8.2). This study gave more insight in the hyperpolarization process and showed that the 
obtained signal enhancement can be improved by rational design of the catalyst.  
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Figure 8.2 Overview of SABRE catalysts in this thesis 2) NHC-iridium complexes; 3) Mixed NHC-
phosphine ligands; 4) Most predominant active species in the co-substrate approach; 5) The 
complex with mTz as co-substrate which was investigated in great detail 6) Formation of 
atropisomers and asymmetric catalyst with bulky NHC ligands. Py = pyridine, Co-sub = co-
substrate, mTz = 1-methyl-1,2,3-triazole. 
The prepared catalysts performed excellently at high millimolar substrate 
concentrations, but upon dilution and/or lowering the catalyst:substrate ratio 
deactivation of the catalyst occurred due to the formation of inactive species caused by 
coordination of solvent molecules. In Chapter 3 we investigated whether this detrimental 
effect can be partly avoided by blocking one of the coordination sites on the iridium 
catalyst by a phosphine ligand (Figure 8.2). The best mixed phosphine-NHC catalyst 
showed a performance similar to that of the best conventional catalysts in the signal 
enhancement for pyridine. The envisioned advantage at lower concentration, however, 
was only observed in a small concentration range.  
The application of SABRE at low micromolar substrate concentrations requires the 
addition of a more concentrated co-substrate molecule in the solution in order to prevent 
the formation of inactive catalyst species. In Chapter 4, the synthesis and performance of 
a small library of co-substrates for this so-called co-substrate approach are presented. An 
optimal combination of affinity and exchange rate was found for 1-methyl-1,2,3-triazole 
(mTz) as co-substrate. The resulting catalytic system played an important role in the 
development of methods for the first analytical hyperpolarization applications (Figure 
8.2).  
In the aforementioned catalytic system with substrate and co-substrate several 
complexes can be formed. The formation of such species was investigated in great detail 
in Chapter 5 (Figure 8.2). A detailed Density Functional Theory (DFT) study of these 
complexes predicted correctly the trends in relative abundance of the complexes as 
observed by NMR. We also investigated the accuracy of the calculated geometries of such 
complexes by an experimental Extend X-ray Absorption Fine Structure (EXAFS) study and 
found that the calculated iridium-ligand distances were slightly overestimated. 
In Chapter 6 we explored the possibility to induce asymmetry in the metal complex via 
ligand design as it offers several interesting new possibilities. One potential application 
is in dedicated NMR experiments for the determination of the value of the J-coupling, 
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which can be used to improve the theoretical description of SABRE. We found that such 
asymmetric complexes can be obtained by using NHC ligands functionalized with bulky 
naphthyl groups (Figure 8.2). These ligands and associated complexes form mixtures of 
atropisomers, from which the desired racemic C2-symmetrical complexes were obtained 
by selective crystallization. Preliminary NMR experiments with these catalysts are 
promising but require further research.  
Chapter 7 is fundamentally different from the previous chapters. We here present the 
first example of a hydrogenation reaction in flow which is directly monitored with high 
resolution NMR. Some technical difficulties have been identified which need to be 
overcome, but the described setup is an important first step towards a continuous flow 
para-Hydrogen Induced Polarization (PHIP) polarizer (Scheme 8.1). 
 
Scheme 8.1 Scheme of the developed setup for the heterogeneously catalyzed hydrogenation 
reaction of styrene with in-line NMR analysis. 
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8.2 Perspective 
The research described in this thesis provides a deeper insight in the chemistry of the 
hyperpolarization transfer process in SABRE. A better understanding of this process can 
help in the near future to develop or optimize new catalytic systems based on a rational 
design. The developed catalytic system has already proven its value and has become an 
essential part in our methodologies for hyperpolarized analytical applications. It was 
demonstrated by our colleagues in the UltraSense NMR project that the co-substrate 
approach can not only be applied in artificial mixtures, but also to food or natural product 
extracts (e.g. coffee, whisky and tobacco) or even solid phase extracts of human urine. In 
all these cases it was found that the co-substrate approach in combination with the 
standard addition method is a robust methodology in which quantification can be 
combined with high sensitivity provided by hyperpolarization, while maintaining an 
excellent reproducibility. These aforementioned aspects are essential prerequisites for 
the development of any (medical) analytical application and therefore this methodology 
represents a large step forward. There are, however, still some challenges to be addressed.  
Pattern recognition: it has been suggested that human urine contains at least 3079 
detectable metabolites of which only 2651 have been identified, and even fewer are 
accurately quantified (1350).1 The search and identification of these new undiscovered 
metabolites by our methods is an interesting prospect. In this perspective, incorporation 
of chemometric methods will be inevitable, as they can help with the identification of 
metabolic profiles by which it is possible to discriminate between samples originating 
from healthy and sick individuals.2,3  
Substrate scope: as previously mentioned, the chemical diversity in metabolites is large 
and therefore it is important to expand the substrate scope further. In SABRE, the transfer 
of hyperpolarization depends on the ability of the metabolite to coordinate to the metal 
center, the exchange rates and the scalar coupling network. At this moment, 
hyperpolarization has mainly been demonstrated on nitrogen-containing aromatic 
compounds. Various other functional group classes (e.g. acids, ketones, amides) do have 
the ability to coordinate to the catalyst, but unfortunately the exchange rate and/or 
scalar coupling are not in the right regime to transfer hyperpolarization sufficiently. We 
have demonstrated that the exchange rate can be altered to a certain extent by ligand 
design. The long-range couplings that drive the polarization transfer are very small (ca. 
1 Hz) and in this context limit the achievable hyperpolarization. This problem might be 
addressed by using Residual Dipolar Couplings (RDC) between hydrides and the nuclear 
spins of the substrate for the transfer of hyperpolarization. The RDC between two spins 
in a molecule occurs when the molecules in solution exhibit a weak alignment. It is 
envisioned that this alignment can be achieved by the design of a novel catalytic system 
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that has a large value for the magnetic susceptibility tensor (e.g. with a lanthanide tag). 
Such a catalyst can potentially extend the SABRE substrate scope and enhance the speed 
and efficiency of the hyperpolarization transfer.  
Aqueous media: a prerequisite for in vivo Magnetic Resonance (MR) applications is 
compatibility with aqueous reaction media. The development of a highly efficient water-
soluble catalyst is challenging, because the dynamics of the system are completely 
different from those in methanol, amongst others due to the limited H2 solubility in water. 
Another approach would be heterogenization of the catalyst, which has additional 
benefits as the catalyst can be re-used and easily removed from a hyperpolarized solution. 
A frequently reported disadvantage is that in most cases immobilization of a 
homogeneous catalyst results in a loss of activity.  
Asymmetry and chirality: we described in this thesis also the synthesis of an asymmetric 
SABRE catalyst, which can hopefully prove its usefulness in the near future in dedicated 
NMR experiments as discussed previously. Up to date, there are no chiral SABRE catalysts 
known and the synthesis of such a catalyst might also open some new opportunities in 
the discrimination of enantiomers. Also pincer-type complexes might be interesting for 
this purpose, provided that the formation of a dihydrogen complex that leads to efficient 
relaxation of p-H2 can be prevented by ligand design. 
Alternative mechanisms: we mentioned briefly in Chapter 1 (section 1.2.5.2) that there 
might be an alternative mechanism for the transfer of hyperpolarization by transferable 
protons. This mechanism may offer new opportunities and additional investigations are 
worthwhile. All suggestions so far are mainly derived from a chemical perspective, 
however, there is also much progress in the field of physics. The theoretical description 
of SABRE will, when improved, be helpful in further exploitation of this phenomenon. 
Additionally, dedicated NMR experiments with novel pulse sequences can potentially 
increase the applicability of this methodology. In this context, one can think of new 
approaches for single shot 2D experiments or high-field methods.  
Hyphenation: the development of a setup for performing gas-liquid reactions with in-line 
NMR does not only open new opportunities for the study of reaction mechanisms and 
kinetics, but is also interesting in the perspective of hyphenated NMR techniques. 
Combinations with a wide range of separation methods (e.g. High Pressure Liquid 
Chromatography (HPLC) or Supercritical Fluid Chromatography (SFC)) will allow NMR 
analysis of only a few compounds in a complex mixture without laborious preparative 
separation and purification procedures. In such hyphenated NMR set-ups, sensitivity is 
one of the major concerns due to small amounts of sample. If these types of set-ups can 
be successfully combined with hyperpolarization methods in the future, it will 
tremendously expand the versatility of this technology. 
Summary and perspectives 
 179 
Biomedical imaging: while our primary objectives are to develop SABRE and to a lesser 
extent PHIP as an analytical technique, its potential in biomedical applications are 
certainly also an important driving force. Application of hyperpolarized contrast agents 
by SABRE for in vivo or even human use is, however, not likely to be achieved in the near 
future. It should be emphasized that this type of hyperpolarization will not compete with 
high-resolution Magnetic Resonance Imaging (MRI), but might become an additional tool 
in molecular imaging like Positron Emission Tomography or bioluminescence imaging. In 
this perspective, more straightforward experiments such as in vitro studies of cells or 
tissue are more likely to make their appearance in future research.  
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8.3 Samenvatting 
Medische diagnostiek speelt een belangrijke rol in de gezondheidszorg. Een vroege 
diagnose van ziekten leidt niet alleen tot een verbetering van zorg voor de patiënt; een 
effectievere behandeling kan indirect ook zorgen voor een kostenreductie. De huidige 
diagnostische testen zijn vooral gebaseerd op de herkenning en kwantificering van 
biomarkers in lichaamsvloeistoffen. Nucleaire Magnetische Resonantie (NMR) is een 
analytisch platform dat een aantal unieke voordelen biedt ten opzichte van andere 
technieken. NMR is in staat om het grootste aantal metabolieten, met een ongekend grote 
chemische diversiteit, te detecteren in urine. De ontwikkeling van NMR als instrument 
voor medische diagnostiek wordt echter belemmerd door zijn relatief lage gevoeligheid. 
Een relatief grote hoeveelheid stof is nodig om voldoende signaal voor detectie te kunnen 
genereren. Dit proefschrift beschrijft, vanuit het perspectief van een chemicus, de 
ontwikkelingen van innovatieve hyperpolarisatie strategieën, die de gevoeligheid van 
NMR verhogen en daarmee ook de toepasbaarheid van deze methode in de (medische) 
diagnostiek.  
De meest gebruikte methode voor hyperpolarisatie in dit proefschrift is Signal 
Amplification By Reversible Exchange (SABRE). Deze methode is gebaseerd op de 
reversibele interactie tussen een substraat en para-waterstof (p-H2) in de coördinatiesfeer 
van een metaalcomplex. Hierbij wordt de polarisatie overgedragen via het 
koppelingsnetwerk dat alleen in de korte tijd bestaat als zowel het substraat en p-H2 
gebonden zijn aan het metaalcomplex.  
 
Figuur 8.1 Schematische weergave van de overdracht van hyperpolarisatie van p-H2 naar pyridine 
(Py) via katalysator 1+. Het resultaat is een grote verbetering van het NMR signaal (rood) ten 
opzichte van het thermisch evenwicht (blauw). 
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In hoofdstuk 2 is de synthese van een reeks NHC-iridium complexen beschreven en 
bevat een analyse van de structuur-activiteitsrelatie tussen de sterische en elektronische 
eigenschappen van het N-heterocyclisch carbeen (NHC) ligand en de effectiviteit van de 
katalysator in het SABRE proces (Figuur 8.2). Dit onderzoek gaf meer inzicht in het 
hyperpolarisatie proces en toonde aan dat de verkregen signaalversterking van het 
substraat in NMR kan worden verbeterd door rationeel ontwerp van de katalysator. 
 
 
Figuur 8.2 Overzicht van SABRE katalysatoren in dit proefschrift; 2) NHC-iridium complexen; 3) 
Gemengde NHC-fosfine-iridium complexen; 4) Meest voorkomende actieve katalysator in de 
cosubstraat methode; 5) Het complex met mTz als cosubstraat dat nader is onderzocht in 
hoofdstuk 5; 6) Vorming van atropisomeren en asymmetrische katalysatoren met volumineuze 
NHC liganden. Py = pyridine, Cosub = cosubstraat, mTz = 1-methyl-1,2,3-triazool. 
De gesynthetiseerde katalysatoren werken uitstekend als er een hoge millimolair 
concentratie van het substraat aanwezig is. Echter bij verdunning en /of het verlagen van 
de katalysator:substraat verhouding treed er deactivatie van de katalysator op. Dit wordt 
veroorzaakt door een gebrek aan voldoende substraatmoleculen waardoor niet alle 
bindingsplaatsen kunnen worden bezet en oplosmiddelmoleculen de kans krijgen om te 
coördineren. In hoofdstuk 3 onderzochten we of dit negatieve effect kan worden 
voorkomen door het blokkeren van één van de coördinatieplaatsen met een fosfine ligand 
op de iridium katalysator (Figuur 8.2). De katalysator met de beste combinatie van fosfine-
NHC liganden presteerde even goed als de beste conventionele katalysator zonder een 
fosfine ligand in termen van signaalversterking van pyridine. Het beoogde voordeel bij 
lagere concentraties werd echter alleen waargenomen in een klein concentratiebereik. 
De toepassing van SABRE bij lage micromolair substraat concentraties kan wel worden 
bereikt door de toevoeging van een geconcentreerde hoeveelheid cosubstraat aan de 
oplossing. Dit voorkomt de vorming van inactieve katalysatorverbindingen. In hoofdstuk 
4 is een kleine reeks aan cosubstraatmoleculen gesynthetiseerd en is onderzocht hoe deze 
moleculen presteren in de cosubstraat-methode. Een optimale combinatie van 
eigenschappen, affiniteit en uitwisselingssnelheid aan het metaalcomplex werd 
gevonden voor het cosubstraat 1-methyl-1,2,3-triazool (mTz). Het resulterende 
katalytische systeem heeft een belangrijke rol gespeeld bij de verdere ontwikkeling van 
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de methode die geleid heeft tot de eerste analytische toepassing van hyperpolarisatie 
(Figuur 8.2). 
In het bovengenoemde katalytische systeem waarin naast een substraat ook een 
cosubstraat aanwezig is, kunnen verschillende complexen worden gevormd. De formatie 
van deze verschillende complexen is in detail bestudeerd in hoofdstuk 5 (Figuur 8.2). Met 
behulp van een dichtheidsfunctionaaltheorie (DFT) studie waren wij in staat om de 
relatieve hoeveelheden van deze complexen te berekenen. De voorspelde uitkomsten 
bleken een goede overeenkomst te hebben met de relatieve hoeveelheden die 
experimenteel waren bepaald met NMR. Tevens onderzochten we de nauwkeurigheid van 
de berekende geometrie van de complexen met behulp van Extended X-ray Absorption 
Fine Structure (EXAFS). Hieruit kwam naar voren dat berekende iridium-ligand afstanden 
door DFT enigszins worden overschat. 
In hoofdstuk 6 hebben we onderzocht of het mogelijk is om asymmetrische 
metaalcomplexen te synthetiseren door een aanpassing van het NHC ligand. Het gebruik 
van asymmetrische katalysatoren in SABRE biedt namelijk een aantal interessante 
nieuwe mogelijkheden. Eén van die mogelijkheden betreft een speciaal opgezet NMR 
experiment, die het asymmetrische karakter van de katalysator benut, om de waarde van 
de J-koppeling tussen pyridine en het waterstofatoom te kunnen bepalen. Een exacte 
experimentele waarde kan worden gebruikt voor de verbetering van de theoretische 
beschrijving van SABRE. We zijn in staat geweest om de gewenste asymmetrische 
complexen te synthetiseren, door gebruik te maken van NHC liganden die gemodificeerd 
zijn met sterisch grote naftyl groepen (Figuur 8.2). Deze liganden en het resulterende 
metaalcomplex levert een mengsel van atropisomeren op, waaruit het gewenste 
racemische C2-symmetrisch complex kan worden verkregen door selectieve kristallisatie. 
De eerste NMR experimenten met deze katalysator zijn veelbelovend, maar vereisen 
verder onderzoek. 
Hoofdstuk 7 is fundamenteel anders dan de voorafgaande hoofdstukken. Hier 
presenteren wij het allereerste voorbeeld van een hydrogenatie reactie in flow die direct 
geanalyseerd kan worden met hoge resolutie NMR. Er zijn nog wel enkele technische 
problemen die overwonnen moeten worden, maar de beschreven experimentele 
opstelling is een belangrijk eerste stap op weg naar een “continuous flow para-Hydrogen 
Induced Polarization (PHIP) polarizer” (Schema 8.1). 
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Schema 8.1 Schematische weergave van de ontwikkelde opstelling voor de in-line NMR analyse 
van de heterogeen gekatalyseerde hydrogeneringsreactie van styreen. 
8.4 Perspectief 
Het onderzoek beschreven in dit proefschrift geeft een dieper inzicht in de chemie achter 
het hyperpolarisatie overdrachtsproces in SABRE. Een beter begrip van dit proces kan in 
de nabije toekomt helpen om op een rationale manier nieuwe of betere katalytische 
systemen te ontwerpen. Het ontwikkelde katalytische systeem heeft inmiddels al zijn 
waarde bewezen en is een essentieel element in de door ons ontwikkelde analytische 
hyperpolarisatie methoden. Door collega’s in het UltraSense NMR project is 
gedemonstreerd dat de cosubstraat methode niet alleen in kunstmatige mengsels kan 
worden toegepast, maar ook op extracten van natuurlijke producten (bijvoorbeeld koffie, 
whisky en tabak) en zelfs op bewerkte urinestalen. In al deze voorbeelden vormt het 
cosubstraatconcept in combinatie met de standaardadditiemethode een robuuste 
methode waarin een selectieve groep moleculen kan worden gekwantificeerd met een 
hoge gevoeligheid door hyperpolarisatie terwijl ook de reproduceerbaarheid uitstekend 
is. De bovengenoemde aspecten zijn essentiële voorwaarden om een (medisch) relevante 
analytische toepassing te ontwikkelen. Het ontwikkelde katalytisch systeem en methode 
zijn daarom een grote stap voorwaarts. Er zijn echter ook nog een aantal problemen die 
moeten worden aangepakt. 
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Patroonherkenning: in de literatuur wordt gesuggereerd dat menselijk urine tenminste 
3079 detecteerbare metabolieten bevat. Tot dus ver zijn er slechts 2651 metabolieten 
geïdentificeerd, en nog minder gekwantificeerd (1350).1 De zoektocht naar nieuwe 
onbekende metabolieten met behulp van onze methode is een interessant vooruitzicht. 
Integratie van chemometrische methoden zal op een zeker punt onvermijdelijk zijn, 
aangezien dit helpt met het bepalen van metabole profielen waarmee een onderscheid 
kan worden gemaakt tussen monsters afkomstig van gezonde en zieke individuen. 2,3 
Substraat acceptatie: zoals eerder vermeld is de chemische diversiteit in metabolieten erg 
groot. Daarom is het belangrijk om het aantal typen substraten, die gehyperpolariseerd 
kunnen worden door de katalysator, te vergroten. In SABRE is de overdracht van 
hyperpolarisatie afhankelijk van het vermogen van een metaboliet om te coördineren aan 
de katalysator, de uitwisselingssnelheid en het scalaire koppelingsnetwerk. Op dit 
moment wordt er vooral een efficiënte hyperpolarisatie bereikt met stikstofhoudende 
aromatische verbindingen. Moleculen met andere functionele groepen (bijvoorbeeld 
zuren, ketonen, amiden) hebben het vermogen om te coördineren aan de katalysator, 
maar helaas zijn de uitwisselingssnelheid en / of de scalaire koppeling niet in het juiste 
regime om de hyperpolarisatie in voldoende mate over te dragen. We hebben aangetoond 
dat de uitwisselingssnelheid van het substraat tot op zekere hoogte kan worden 
aangepast door de sterische en elektronische eigenschappen van het NHC-ligand te 
veranderen. De lange afstandskoppeling tussen p-H2 en het substraat, die belangrijk is 
voor de polarisatie overdracht, is erg klein (ca. 1 Hz). Dat is een belangrijke beperkende 
factor. Dit probleem zou kunnen worden aangepakt door gebruik te maken van een 
fenomeen genaamd “Residual Dipolar Couplings” (RDC). Dit fenomeen bestaat tussen 
twee kernspins in een molecuul wanneer moleculen zich zwak ‘uitlijnen’ in een oplossing. 
Deze uitlijning kan worden bereikt door het ontwerpen en synthetiseren van een 
vernuftig katalytisch systeem dat een grote waarde heeft voor de magnetische 
susceptibiliteit tensor (bijvoorbeeld met behulp van een lanthaniden label). Een 
dergelijke katalysator kan hiermee de snelheid en efficiëntie van de hyperpolarisatie 
overdracht vergroten naast het aantal typen substraten dat kan worden 
gehyperpolariseerd. 
Waterige media: een voorwaarde voor in vivo toepassingen van hyperpolarisatie in 
magnetische resonantie is de compatibiliteit met waterige oplossingen. De ontwikkeling 
van wateroplosbare katalysatoren met een nog hogere efficiëntie is een uitdaging omdat 
de dynamiek van het systeem compleet anders is dan die in methanol. Het grootste 
verschil wordt veroorzaakt door de beperkte oplosbaarheid van waterstofgas in water. 
Een andere benadering is het immobiliseren van de katalysator. Dit heeft als extra 
voordeel dat de katalysator kan worden hergebruikt en gemakkelijk kan worden 
verwijderd uit een gehyperpolariseerde oplossing. Een veelvoorkomend probleem is 
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echter dat het verankeren van een homogene katalysator op een vaste drager resulteert 
in een verlies van activiteit.  
Asymmetrie en chiraliteit: in dit proefschrift hebben we ook de synthese van een 
asymmetrische SABRE katalysator beschreven. Hopelijk weet deze zijn waarde te 
bewijzen in de eerder besproken NMR experimenten (Chapter 7). Tot op heden zijn er 
geen chirale SABRE katalysatoren bekend. De synthese van een dergelijke katalysator 
biedt nieuwe kansen in het onderscheiden van enantiomeren. Ook metaalcomplexen met 
een tridentaat (“pincer”) ligand kunnen interessant zijn voor dit doel. Nadeel van dit 
soort typen complex is dat de bereikte signaalversterking van het substraat tot dusver 
laag is. Dit wordt veroorzaakt door de vorming van een diwaterstof complex, waardoor p-
H2 zeer efficiënt wordt omgezet naar het inactieve o-H2. Dit proces kan wellicht worden 
voorkomen door een alternatief ligandontwerp. 
Alternatieve mechanismen: zoals kort vermeld in hoofdstuk 1 (paragraaf 1.2.5.32) is er 
mogelijk een alternatief mechanisme voor de overdracht van hyperpolarisatie door 
gebruik te maken van uitwisselbare (zure) protonen. Dit mechanisme kan nieuwe kansen 
bieden en rechtvaardigt verder onderzoek. De resultaten tot dusver zijn voornamelijk 
beschreven vanuit een chemisch perspectief, maar is ook een flinke vooruitgang op het 
gebied van de fysica. Een verdere verfijning van de theoretische beschrijving van SABRE 
zal bijdragen aan een betere benutting van dit fenomeen. Daarnaast zullen verbeterde 
NMR experimenten met nieuwe pulssequenties de toepasbaarheid van deze 
methodologie verhogen. Hierbij kan men denken aan nieuwe benaderingen voor “single 
shot 2D” experimenten of hoog veld methoden. 
Hybride technieken: de ontwikkeling van een opstelling voor het uitvoeren van een gas-
vloeistof reactie met in-line NMR biedt verschillende nieuwe mogelijkheden. Niet alleen 
reactiemechanismen en kinetiek kunnen worden bestudeerd, maar ook de koppeling van 
deze NMR opstelling met scheidingsmethoden is een optie (hybride techniek). 
Combinatie van NMR met een scheidingsmethode (bijvoorbeeld hoge druk 
vloeistofchromatrografie (HPLC) of superkritische vloeistofchromatografie (SFC)) is 
interessant, omdat op deze manier complexe mengsels zonder omslachtige procedures 
kunnen worden gescheiden en gezuiverd, direct gevolgd door een NMR analyse. In een 
dergelijke combinatie opstelling is de gevoeligheid van NMR vaak een struikelblok door 
de kleine hoeveelheid monster die beschikbaar is. Als hyperpolarisatie succesvol kan 
worden geïntroduceerd in dit type opstellingen, kan de veelzijdigheid van deze 
technologie enorm worden vergroot. 
Beeldvormend medisch onderzoek: hoewel onze doelstelling gericht is op het 
ontwikkelen van SABRE en in mindere mate PHIP als een analytische techniek, zijn 
biomedische toepassingen ook een belangrijke drijvende kracht voor dit type onderzoek. 
Gehyperpolariseerde contrast middelen met behulp van SABRE voor in vivo of zelfs 
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menselijk gebruik achten wij op korte termijn niet erg waarschijnlijk. Hierbij moet 
worden benadrukt dat deze vorm van hyperpolarisatie niet zal concurreren met hoge 
resolutie Magnetic Resonance Imaging (MRI), maar kan fungeren als een extra 
instrument voor moleculaire beeldvorming, net zoals Positron Emmision Tomography 
(PET) of bioluminescentie. Vanuit dit perspectief is het waarschijnlijker dat eenvoudigere 
experimenten zoals in vitro studies van cellen of weefsel hun opwachting zullen maken in 
toekomstig onderzoek. 
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